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Chapter 1 
Introduction 
1.1. Introduction. Poly(ethylene glycol) (PEG) is the most commonly used synthetic polymer of repeating 
ethylene oxide segments, has a wide-range application area relating to industry and biology.1 The neutral 
structure with biological inertness, non-immunogenic nature, flexible backbone together with hydrophilicity make 
PEGs indispensable molecules for diverse range of applications, e.g., biomolecule conjugation to confer water 
solubility and reduce immune response with a procedure so-called PEGylation.2,3 PEG is thereby one of the 
synthetic chemicals approved for internal consumption by US-FDA as GRAS (Generally Recognized as Safe). 
PEG is available in a variety of molecular weights from 200 Da to few hundred thousands; as liquid for the 
molecular weight less than 600 Da, and waxy or solid for higher molecular weight PEGs.4 Water solubility of 
these molecules is linked with the molecular weight; PEGs having molecular weight less than a thousand can mix 
with water in all proportions, while higher molecular weight PEGs crystallize readily and have certain solubility 
limits at room temperature. Aqueous solutions of PEGs are characterized by a LCST (lower critical solution 
temperature) and UCST (upper critical solution temperature). The segregation yields a PEG rich and a PEG poor 
phase due to amphipathic nature of the backbone where hydrophobic methylene groups interspersed with ether 
groups, which can undergo hydrogen bonds with water.5 Moreover, PEG can form complexes with metal salts 
that may induce changes in the phase separation of aqueous PEG systems and also their thermal degradation 
profiles.6 
PEG molecules can be synthesized as linear, star, or dendritic variants with a variety of reactive end-groups, and 
the synthesis is mostly performed by anionic polymerization of ethylene oxide initiated by a nucleophilic attack of 
a hydroxide ion.7 Copolymerization with allyl oxiranes is possible and does modifications of the water solubility 
and eligibility to crystallize. Star-type polymers have been prepared as homo-, co- and terpolymers and the 
synthesis can be done either by core first or arm first approaches.7 In the first approach, stars are synthesized by 
chain grow polymerization started from a multifunctional initiator. The latter method (so-called arm first) utilizes 
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living linear macromolecules that react with a multifunctional low-molar mass deactivating agent or with 
bifunctional monomers that form a highly cross-linked module as the core. Branched and star type molecules 
differ from their linear analogues by a more compact structure (along with smaller hydrodynamic volume and the 
radius of gyration), lower viscosity, and multiple end group functionality,1 Furthermore, the end groups can be 
varied toward intended application. Because of the specific structure-property variants, these branched molecules 
are particularly suitable for biomedical and pharmaceutical applications.  
PEGs have become a widely used toolbox for numerous biomaterial concepts, e.g., for conjugation with 
biomacromolecules. Thus, PEGylation has emerged as an efficient concept to improve the therapeutic potential 
by increasing the circulation in the blood stream by forming protective shield against enzymatic digestion and 
becoming invisible for the reticuloendothelial system and sequestration by the MPS antibodies.8-10 However, 
PEGylation may also bring some problems associated with low-binding efficiency of drug-target interaction 
because PEG chains might induce steric hindrance.  
PEGs have also emerged as valuable molecules to create inert hydrophilic networks for biomedical applications 
since PEG-based scaffolds provide a unique niche for cell encapsulation under cytocompatible gelation 
conditions.11 In that sense, hydrogels formed by star-type PEG molecules have drawn considerable attention, 
since the terminal free arms of stars can be decorated with specific molecules, such as RGD to recognize 
integrin, cell`s transmembrane receptor, or with bioactive components to transform the hydrogel matrix into the 
complex macromolecular system that can mimic the native environment of cells. The end-groups of the stars are 
also a substantial in creating a peptide linked network for cytocompatible gelation, enabling viable cell 
encapsulation. In that sense, various chemistries were already exploited in PEG-based gels, such as thiol-ene, 
Michael addition, and other bioorthogonal ligation, such as metal-free click chemistry (e.g., strain-promoted 
alkyne azide chemistry (SPAAC)).12-14 
In addition to biological use, low-molecular-weight PEGs have become prevalent solvent systems and phase-
transfer catalysts in organic synthesis, especially green chemistry applications. Since PEG molecules are stable 
against acids, bases, high temperature, O2, H2O2 and also NaBH4 reduction systems, they can be easily 
recovered from aqueous solutions by an extraction with a suitable solvent or by a direct distillation of water or 
solvent.15 
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The availabilities of the functional groups of PEGs still remain a limitation problem for PEG-based systems. High 
stoichiometric functionalities, i.e., multifunctionality can be achieved by synthesizing the branched PEGs, such as 
star-type of dendritic forms. The increased number of end groups rises in the conjugation capacity of the 
molecules. However, these structures are more complex and expensive than their linear analogues, and they, 
therefore, are mainly intended for biological use or other specific applications. Another drawback of PEGs can be 
caused by their ability to crystallize. The crystallization impedes the biocompatibility, the solubility, and also the 
drug loading capacity of PEG systems.16  
PEG is considered a non-degradable polymer, but might degrade with an exposure to oxygen at higher 
temperatures. For instance, keeping of PEGs at 65 oC for two years resulted in partial degradation to 20 wt-
percent of the initial PEG molecules. Degradation of PEGs can also take place by bacterial ingestion, revealing 
glyoxylic acid as the primary degradation product.17 However, for biological use in vivo; PEG is considered as 
non-degradable so the molecules accumulate in the body with time. Renal excretion has shown to prevent 
accumulation in the liver at a molar mass below 40-60 kDa.18 More detailed studies support that low molecular 
weight PEGs (Mw < 20 kDa) are readily secreted into the urine while higher molecular weight PEGs are gradually 
eliminated.  
To summarize, the major drawbacks of PEG molecules can be classified as; 
 i-) Lower critical temperature transition (LCST) 
 ii-)  Crystallinity 
 iii-)  Low functionality 
 iv-)  Non-biodegradability 
 v-) Metal-ion complex formation 
Approaches to overcome these problems concern either synthesis of PEG alternative molecules or PEG-based 
copolymers. These alternatives include polyglycerol, poly(2-oxazoline) derivatives presenting pendant groups that 
can further easily converted into various reactivities.19 PEG-based copolymers have been prepared as an another 
alternative group to PEG homopolymers, carried out by polymerization ethylene oxide (EO) with different 
repeating segments either as statistical or block forms; e.g., propylene oxide, caprolactone, and lactic acid. 
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Copolymerization enabled tailoring of the properties in terms of degradation and crystallinity depending on the 
molecular composition and the co-monomer nature. 
In previous studies, our research group focused on star-type PEG copolymer consisting of ethylene oxide and 
propylene oxide linked in a statistical order and their use for functional layers. These PEG-based copolymers 
were shown to be decent alternative molecules to PEG homopolymers with reduced crystallinity, and moreover, 
terminal hydroxyl groups were readily transformed into various functionalities. They have been used for in situ 
forming networks through isocyanate-terminated stars and micropatterned structures via acrylate terminal star 
molecules.20-22 These functional prepolymers having thiol pendant groups were also used for the preparation of 
reduction sensitive nanogels cross-linked by disulfide bonds.23  
In this dissertation, star-type prepolymers with different end groups have been investigated for the solubility and 
self-assembly in water and other solvent systems. New variations in the reactive end groups have been 
synthesized and the studied for their possible applications for surface modifications. Furthermore, these 
functional prepolymers have been used for the preparation of in situ forming networks and biohybrid hydrogels 
with native elastin polypeptides. All functional material constructs showed encouraging features that the 
prepolymers are useful in the design of scaffolds at varied length scales (from few nanometers to the bulk levels) 
that would be intended for biological use. 
1.2. Scope of the Thesis 
Chapter 2 gives a literature overview on current limitations of PEGs in biomedical applications. In this chapter, 
the chemical nature and current limitations of PEG are described. Afterwards, their copolymer alternatives will be 
discussed, and the applications alongside with PEG homopolymers will be stated.  
Following to a comprehensive review on PEGs in Chapter 2, rheology and dynamics of six-armed statistical 
copolymer solutions formed by hydrophobic propylene oxide (PO) and hydrophilic ethylene oxide (EO) were 
studied with varying polymer volume fractions and arm length using several solvents (water, diglyme, DMSO, 
DMF, THF and acetone) in Chapter 3. Dynamic rheological experiments showed that the relaxation profiles of the 
prepolymers are highly associated with the molecular weight of star arm and the concentration. Contrariwise to 
typical block copolymers, these statistical copolymers did not exhibit marked self-assembly driven thermo-
responsivity, however, at certain circumstances, nanoscale aggregation of prepolymers was clearly observed 
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suggesting that hydrogen bonds with water molecules and hydrophobic interactions of ethylene (-CH2-CH2-) 
domains. The configuration of star arms was significantly differed in their aqueous solutions than their mixtures in 
organic solvents.  
The comparison of star type PEG homo and copolymers with comparable molecular weights in terms of dynamics 
and properties were investigated in Chapter 4. First, compositional analysis of the copolymer was performed 
based on 13C-NMR spectrum and their random structure was revealed. DSC analysis showed high crystallinity in 
homopolymers, whereas, amorphous configuration for copolymer. The behavior of copolymers in flow was similar 
to the homopolymer with strong shear thinning behavior. The viscoelastic properties of the both star molecules at 
entangled state were studied at small amplitude deformations.   
In Chapter 5, star-type copolymer consisting of ethylene oxide/propylene oxide (EO/PO) and a molecular weight 
of 18 kDa with various reactive end groups (e.g., maleimide, aldehyde, vinyl sulfone, allyl, azide, succinic 
carbonate, carboxylic acid, alkyl chloride and silane) were prepared and characterized. An illustrative example to 
possible applications of these molecules, surface coating preparation was presented and the coatings were 
evaluated over cell adhesion experiments.  
In Chapter 6, in situ network formation properties of isocyanate-terminated prepolymers were studied by 
controlling the cross-linking reaction by the kinetics of hydrolysis of isocyanates in terms of solvent composition, 
and temperature. Controlled cross-linking of star polymers and their impact on structural inhomogeneities of the 
gels were explored. Hydrogels formed in such a way exhibited higher mechanical properties and slower 
degradation. 
Chapter 7 reports rational design of native elastin derived polypeptide hydrogels with dynamically tunable 
properties and click reactivity. The gels were synthesized by cross-linking of elastin chains with isocyanate (NCO) 
terminated star-shaped hydrophilic prepolymers in the presence of amine-functional bicyclononynes (BCN), and 
several techniques were used to elucidate the property relationship of hydrogels. Mechanical properties of 
hydrogels were directly linked with cross-linking density, i.e., concentration of precursors. Mechanical response of 
low-modulus elastin hydrogels with high elastin portions was highly nonlinear with strain hardening behavior. The 
inner-structure of swollen hydrogels was explored by cryo-SEM, revealed macroporous network structure. 
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Cytotoxicity experiments suggested that hydrogels showed good cell compatibility and the gels was degraded by 
pancreatic enzyme, elastase together with hydrolyses of carbamate bonds.  
Chapter 8 describes to the fabrication of uniform, stable, covalently layer-by-layer (LbL) assembled nanolayers of 
isocyanate (NCO) terminated star-type poly(EO-stat-PO)) and a copolymer of vinylformamide/vinylamine (PVFA-
co-PVAm). The first layer was obtained by treating of aminosilylated surfaces with NCO-terminal oligomers at 
anhydrous conditions and followed by assembling of PVFA-co-PVAm with the first layer over urea linkages to 
form a second layer. The cycle was repeated to achieve desired layer growth, and the resulting layers were 
characterized by ellipsometry, contact angle analysis, X-ray photoelectron spectroscopy (XPS), and scanning 
force microscopy (SFM). 
Appendix 1 describes the HRP-mediated preparation of functional, redox-sensitive disulfide-crosslinked 
hydrogels and nanogels through the gelation of thiomers without the requirement of H2O2. Cells can be 
embedded in the hydrogels and proteins can be entrapped and released from the nanogels. These gels are fully 
degradable under mild and cytocompatible reductive conditions. 
In Appendix 2, the gelation of alginate with well-known nongelling ion magnesium is shown. Rheology is used to 
examine effects of alginate chemical composition as well as alginate and magnesium ion concentration. Gelation 
in this system occurs at ca. 5–10 times higher concentration of ions than reported for calcium-based gels. 
Alginate network formation with magnesium ions is very slow and is typically accomplished within 2–3 hours. 
Gelation with magnesium ions is also strongly dependent on alginate chemical composition as the presence of 
long guluronic units privileges faster gel formation. 
Appendix 3 describes the fabrication of stimuli-sensitive microgels in the submicron range from the native elastin 
as possible drug-releasing system. Responsive microgels were fabricated by the solubilized native elastin by 
cross-linking of the lysine residues with poly(ethylene glycol) diglycidyl ether (PEG-DGE) and 
bis(sulfosuccinimidyl) suberate (BS3) through inverse miniemulsion technique. Depending on the degree of cross-
linking, microgels exhibited a volume change transition at 37 oC and 35 oC and pH responsivity in the range of 5-
7. Preliminary experiments were conducted to evaluate the suitability of the microgels for use a drug-release 
system and demonstrated cytocompatibility, enzymatic degradability by elastase, and entrapping and slow 
release of a water-soluble biopolymer (Texas Red-labeled dextran with Mw = 70 000). 
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Chapter 2 
Chemical Nature and Current Limitations of PEGs and Insights into 
PEG Copolymers 
Poly(ethylene glycol) (PEG) is a homopolymer of repeating ethylene oxide segments, has a wide range of 
application areas in industry and pharmaceutical fields. It has been recognized with well-documented 
biocompatibility associated with its inert structure and non-immunogenic nature. These properties made PEGs as 
irrevocable molecules for many material concepts, particularly biomedical applications. PEG molecules, however, 
have some properties undesirable for bioapplications, such as crystallinity, lower critical solution 
temperature (LCST), metal-ion complexation, and low-functionality and non-degradability. Even the side product 
of PEG synthesis, cyclic dimer of ethylene oxide, is known to interfere toxicity to tissues. These problems are 
considered as significant drawbacks, being critical to their bio-applications. Many attempts have been done to 
prevent or at least diminish those problems though alternative molecules. Last decade has witnessed tremendous 
progress to synthesize PEG copolymers by a precise copolymerization of ethylene oxide with other monomers; 
e.g., caprolactone, propylene oxide and lactic acid. PEG copolymers are widely applied in the design of many 
biomaterial concepts with the superiority of precise tuning the composition and properties. This report provides a 
unique overview of current studies on PEG homopolymers and copolymers concerning their characteristics and 
use. Through exploration of comparative aspects of PEGs and their material constructs, a general summary and 
an outlook will conclude the review. 
Keywords; PEG, biocompatibility, crystallinity, phase transition, LCST, PEG copolymers 
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2.1. Introduction. Poly(ethylene glycol) (PEG) is a unique synthetic polymer has been considered as the gold 
standard for stealth polymers.1 It has been extensively used for improving the stability and biological performance 
of drugs and biological molecules, enzymes as such.2,3 The backbone of PEG is highly hydrophilic, making it inert 
to biological media (e.g., proteins and cells) and its flexibility allows them to attach to many different ranges of 
biomolecules or also to nanoparticles with a so-called method PEGylation.4-6 Their characteristics are mostly 
attributed to its sole physico-chemical properties, such as unlimited water solubility, minimal interfacial energy in 
aqueous solutions, large excluded volume and high degree conformational entropy.7,8 The biocompatibility is 
another perilous parameter that shields the coated material from the recognition of the immune system, so in vivo 
circulation time of the particles can significantly be extended.9 Those molecules could minimize platelet 
deposition on coated surfaces and reduce enzymatic digestion of PEGylated biomolecules under in vivo 
conditions,10 and they also showed considerable efficiency in prevention of bacterial colonization of implant 
surfaces.11 
The intrinsic superiorities of PEGs render them irrevocable toolbox to design many different material concepts, 
including liposomes, hydrogels, nano-&microgels, surface coating, surfactants, and fibers.12-15 The structure of 
PEGs plays a critical role in defining their applications towards a particular field; i.e., branched PEGs are 
preferable for bio-related use since each arm can be decorated with a specific reactivity to attach them with 
bioactive molecules or to use them as macro-crosslinkers for gel networks. Long linear PEG molecules have 
lesser application area due to their high viscosities even at diluted concentrations, together with their low 
functionality per molecular weight. Such molecules mainly intended as additives for electrospinning applications 
or scavenging metal ions from solutions. Those high molecular weight molecules were also partly applied in 
medicine, such as for protecting the intestinal epithelium against opportunistic colonizing pathogens.16  
Although the presence of numerous application fields of PEGs, those molecules are associated with many 
obstacles, such as LCST, high crystallinity, metal-ion complexation, low functionality, and non-degradability. 
These aspects stand as critical limitations for some applications (e.g., drug loading, and accumulation in the 
tissues due to nondegradable structure), and in that sense, many different approaches were tried to be 
established using PEG alternative molecules, including polyglycerol, polyoxazoline, or PEG copolymers.17-19 Each 
approach (either PEG alternatives or PEG copolymer) offers their intrinsic benefits and drawbacks. However, the 
presence of a large amount of biological data on PEG-based systems supports their use, particularly for bio-
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related applications. PEG copolymers refer to an oligomer or polymer of ethylene oxide with different 
monomer(s). The second and third monomers are preferentially chosen according to the latest applications since 
the chemical nature of the co-monomer, and the composition can precisely define the overall properties of the 
synthesized polymer. In that context, mostly used co-monomers in PEG-based polymers are caprolactone, lactic 
acid, glycerol and styrene (Scheme 1). 
PEG copolymers are promising molecules since their structures can be varied as amphiphilic, cationic or anionic, 
and can form in situ nano-carriers in aqueous systems through molecular self-assembly. They can be used for 
the controlled entrapment and carry the drug molecules without awaking the immune system since the hydrophilic 
PEG segments will be at corona while the core consists of hydrophobic segments with embedded drugs during 
the circulation in vivo. If the co-monomer has hydrolytically degradable linkages, overall system can be used as 
biodegradable drug delivery system (DDS). In that sense, many different concepts were already fabricated by 
using biodegradable copolymers, such as poly(lactic acid) (PLA) and polycaprolactone (PCL). In this review, the 
chemical nature and current limitations of PEG molecules are reported, and their alternative PEG-based 
copolymers are described. Afterwards, applications to such particular areas; medicine, drug delivery, and 
PEGylation are stated with their shortcomings and benefits. 
2.2. Chemical Nature and Current Limitations of Polyethylene Glycol. PEG is chemically inert, neutral, 
hydrophilic, and also crystalline polymer driven by their lower segmental mobility and more convenient 
geometrical alignment.20 Increasing the molecular weight of PEGs rises the solidification temperature and impact 
on the heat crystallization temperature.21 This process was illustrated as joining of small sphere-shaped 
crystalline structures and impinges on their neighbors, eventually forming a multilayered lamellar texture. 
Crystallinity can be reduced by introducing second monomer or third-monomers, and in that sense, NIPAM as 
instance was used for the low crystalline copolymers.22 Crystallization phenomenon is linked with molecular 
weight; at higher molecular weights, melting temperature rises and the corresponding enthalpy do not apparently 
change. PEG is therefore promising molecule with its unique thermal energy storage property presents large heat 
of fusion, congruent melting behavior, resistance to corrosion and broad melting point range. 
 Chapter 2. Chemical Nature and Current Limitations of PEGs 
 
11
 
Figure 1. (Left) Trans and gauche conformations of PEG and their interactions with water molecules. (Right) 3D 
renderings of the resulting structures. (Top) 3D rendering of a helical region formed during the MD simulation. 
CH-surfaces are marked gray, and O-surfaces are marked red. (Down) 3D rendering of the simulation snapshot 
of a PEG722 including the solvent accessible surface (1.4 Å probe radius) indicated. Two oxygen atoms are 
having near zero solvent accessible surface as well as the helical regions pointed out. The part of the figure was 
reproduced by Oelmeier et al.23 
The most-interesting property of PEGs is their intrinsic hydrophilicity that differs from their analogues, 
poly(butylene oxide) (PBO) and poly(methylene oxide) (PMO). Both polymers have the repeating segments of 
oxybutylene units (one more methylene group (CH2)) and methylene oxide (one less CH2), respectively. Although 
having structural similarity with the PEG, those molecules have notable differences in terms of their low water 
solubility. Besides their hydrophilic character, PEGs also possess particular hydrophobicity that is revealed by its 
behavior at the air-water interface displaying thin monolayer conformation, which is a common characteristic for 
amphiphilic molecules in water. Another remarkable property of PEGs is the complexation with metal ions. 
Yanagida et al. (1978) showed that polyoxyethylene (POE) derivatives with at least seven oxyethylene units 
complex fairly well with alkali metal ions in water, and their scavenging power is comparable with that of 18-
crown-6 molecule.24 The structure of the oxyethylene unit in PEG has recently clarified to favor the tgt (trans-
gauche-trans, helical) conformation, even in aqueous solutions (Figure 1, right). Such conformation is apparently 
convenient to form stable five-membered ring chelates.25 Helical structure is ideal for disposing of the oxygen 
atoms of PEG to cationic species, and these oxygen atoms then can non-covalently interact with cationic ions 
that the system can ultimately become eligible for the scavenging of metal ions from aqueous solutions. 
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Low molecular weight PEGs (from 230 to 600 g/mol) are considered as non-toxic molecules and do not degrade 
by intestinal bacteria, not metabolized after absorption, and they rapidly excreted in the urine. In that sense, the 
molecular weight of PEG becomes a critical parameter especially in crossing the intestinal epithelium at different 
rates, allowing characterization of the passive permeability properties of the mucosa.26 The building block of PEG, 
ethylene oxide (EO) is classified as a human carcinogen by the International Agency for Reseach on Cancer 
(IARC).27 EO is found to be effective on the nervous system, and some researchers support that PEG molecules 
show evidence of genotoxicity, and if used on broken skin can cause irritation and systemic toxicity.28 The 
biocompatibility of PEG molecules having high molecular weights is also controversial; although substantial 
studies on PEGs support they are biocompatible, however, significant studies, particularly appeared in the last 
decade, showing some genotoxicity of the molecules particularly at higher molecular weights since they do not 
pass through the pores of membrane proteins because of non-degradable structure, and therefore, they may 
accumulate in the tissues.  
PEG molecules are widely applied in organics synthesis reactions either as i) phase transfer catalyst (PTC), ii) 
supported catalyst and iii) reaction solvents.29 For such applications, low molecular weight PEGs are ideal as 
being cheap phase transfer catalysts in organic reactions and their ability is comparable to crown ethers.30 The 
reaction between an organic compound and anion of ionic salt is difficult due to their solubility differences of the 
components; salts will dissolve in polar solvents like water, but organic molecules dissolve in apolar solvents. In 
that context, both components can be dissolved in aprotic solvents like DMSO or DMF; however, these solvents 
are considerable expensive compared to the PEGs and difficult to purify, particularly at high scales. PEG 
molecules as phase transfer catalysts are used to transfer the reactant from more soluble phase to the less 
soluble phase. Moreover, PEGs can easily be removed from the reaction with the addition of ethyl ether by the 
precipitation.31  
PEG is known with its protein repellence property, which relies on three different characteristics of PEGs; i-) 
hydrophilicity, ii-) presence of hydrogen-bond acceptor and the absence of hydrogen-bond donor, and iii-) 
electrical neutrality.32 The hydrophilicity of the PEG backbone arises from its gauche (polar) conformation in 
water, which offers two H bonds acceptors ideal distance for hydrogen bonding with water molecules (Figure 1). 
This conformation leads to extensive hydration in aqueous solutions which, along with conformational flexibility 
and high chain mobility, causes a steric exclusion effect that prevents the adsorption of proteins. Antiadhesivity of 
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the PEG-coated surfaces is mainly associated with the molecular weight and the chain density of PEGs along 
with its structure; e.g., branched PEG molecules showed better capacity of covering plain surface and inhibit 
protein adsorption than the linear ones. The configuration of the PEG chains on the surface can be expressed 
over the relation between the distance of two adjacent chains (D) and their radius of gyration (Rg), the latter being 
related with the chain length. The polymer forms a so-called “mushroom” conformation for D > 2Rg, while “brush” 
like conformation for D << Rg. However, these two configurations do not represent sharply separated regimes, but 
undergo a smooth transition through mushroom/brush intermediates for 2Rg>D>Rg. 
The common application of PEGs in Biomed is the PEGylation to accomplish longer circulation time for the 
delivery and retention (EPR) effect.33 PEGylation is a concept used for binding of PEGs to the target protein over 
amino acids, or tether them with nanoparticles with so-called method, nanoparticle PEGylation. This binding 
usually occurs covalently and may also occur noncovalently.34 It shows the variation with density of the coverage 
and the length of used PEGs to optimize biological performance of particles in terms of half-time and 
immunogenicity. However, longer PEGs causes some intriguing problems with the expansion of the 
hydrodynamic volume of the molecules such that it is less likely to be excreted by the kidney due to low levels of 
permeability through the renal basement membrane.35 Moreover, available chemical binding sites in the protein 
structure are limited and occur over specific amino acids like lysine, cysteine and histidine. Those molecules are 
fairly found in the structures of most proteins and so the overall PEGylation complex contains heterogenic PEG 
sites, which form isomeric complexes. Therefore, their behavior cannot be predicted, and their biological activities 
can vary. Furthermore, PEGylation can decrease binding affinity of PEGylated molecules with conformational 
changes or cover active binding zones. Those problems significantly lower their application areas, and in that 
context, some studies revealed significant changes with the activity retained in the PEGylated molecule from 7% 
to 98% depending on PEGylation method. Particularly when using such big PEG molecules having Mw of 40 kDa, 
activity of IFNα-2 a (peginterferon α-2a, Mw = 19 kDa) decrease to 7% that of native IFN-α.36 Its highly inert 
structure inhibits cellular uptake and endosomal escape, which results in significant loss of the activity of the 
released molecule.37 For instance, using PEGylated carriers for the nucleic acid delivery for cancer treatment is 
therefore problematic. To overcome PEG dilemma based on the manipulation of pharmacokinetics and 
intracellular trafficking of cellular uptake and endosomal release, different concepts were developed and novel 
approaches are continuing to emerge. Among them, MEND, a multifunctional envelope-type nanodevice, 
becomes ideal concept for intracellular delivery. That approach contains nucleic acid in free form or as a 
 Chapter 2. Chemical Nature and Current Limitations of PEGs 
 
14
condensed or complexed core with polycation and a lipid envelope having the various functional devices, 
including PEG, specific target ligands, and cell-penetrating peptides to manipulate both in vivo pharmacokinetics 
and intracellular trafficking. To increase cellular uptake, target ligands including, proteins, antibodies, and 
aptamers (for recognising molecules specifically expressed on tumors), or using cleavable PEG systems in 
response to the intracellular environment as well as tumor microenvironments.   
Another disadvantage of PEGs in BioMed at substantial consumption levels is the main reason of nonusea, 
bloating, cramping, and vomiting with PEGs, which affect patient compliance and the ultimate success of 
colonoscopy (the endoscopic inspection of the large bowel and the distal part of the small bowel).38 
PEGs are considered as non-degradable polymers for in vivo applications due to the absence of hydrolytically 
degradable or enzyme susceptible domains. To gain such degradability character to PEGs, they are 
copolymerized with a comonomer having hydrolytically sensible bonds, e.g., ester linkages using lactide or 
glycolide segments, or by using end-functional PEG molecules. In the latter case, PEG molecules are 
functionalized either with enzyme susceptible peptides (e.g., matrix metalloproteinase, MMP) or by functional 
groups having hydrolytically degradable or photodegradable (ortho-nitrobenzyl (o-NB) linker group) domains. 
Both concepts are extensively applied to generate degradable PEG-based materials at various length scales. 
Overall PEG molecules have many advantages associated with its unique inert structure, non-immunogenicity 
and many other intrinsic characteristics. On the other hand, they are associated with certain drawbacks, such as 
crystallinity, LCST, non-degradability, and low functionality. Those drawbacks triggered the syntheses of 
alternative molecules by a copolymerization of ethylene oxide with different functional molecules. The precise 
copolymerization of monomers with predictable properties widens their use for many different concepts. In the 
following section, we will describe the synthesis of PEG copolymers and their applications alongside PEG 
homopolymers with their pros and cons. 
3.  PEG Copolymers as Potential Alternatives. The custom-designed PEGs offer numerous possibilities to 
change the material characteristics for targeted applications by improving their biocompatibility, degradability, and 
also playing on crystallinity. Those demands resulted in developing novel PEG alternative molecules either by 
copolymerization of EO with different (co-)monomers or by synthesizing entirely different molecules, such as 
polyglycerol, polyoxazoline. Although those alternative molecules seem more reasonable with the advantages of 
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precisely tuned molecular architecture and their intrinsic properties, this review will only focus on PEG-based 
systems due to the presence of excessive supporting biological data and even FDA approved biocompatibility. In 
following section, we describe the synthesis of PEG copolymers as homo- or hetero-functional and their 
physicochemical properties. 
i-)  Synthesis of and Physicochemical Properties of PEG Copolymers. Numerous PEG-based copolymers 
were already reported using comonomers; i.e., propylene oxide, lactic acid, caprolactone, glycolide, styrene and 
many others (Scheme 1). Most synthesis methods rely on anionic ring-opening polymerization (AROP) technique 
that takes place ethylene oxide (EO) by epoxide polymerization under controlled conditions that yield to precisely 
engineered polymers. The synthesis starts with a nucleophilic attack of hydroxide group of an activated alcohol to 
epoxide ring by a metal-ion forming alkoxide. In that sense, counter ion plays a critical role, and many studies 
showed that lithium, which considered as smallest counter ion usually do not promote the polymerization. 
However, Rejsek et al. (2010) reported the synthesis of polystyrene-block-polyethylene glycol (PS-b-PEG) over 
lithium counter ion in the presence of triisobutylaluminum (i-Bu3Al).39 With increasing the size of counter ion, 
significant rises in polymerization were observed in such order as Na+ < K+ < Cs+. Except AROP, other controlled 
synthesis methods, including RAFT, ATRP, and even free-radical polymerization (which yield high polydispersity 
in contrast to the controlled polymerization approaches) were applied to syntheses of PEG copolymers. 
 
Scheme 1. Commonly used monomers for the PEG copolymerization. 
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Another approach for the synthesis of PEG copolymers relies on the anionic coordination chemistry, which uses 
triisobuthylamonium with either a metal (Na+) alkoxide or tetraalkylammonium salts as possible initiating systems. 
This method is used to syntheses of copolymers of EO/PO with a well-defined manner.40 
Holger Frey and colleagues were reported many different range of PEG–polyglycerol copolymers through ring-
opening polymerization (ROP) having many several reactivities (Scheme 2). These epoxide-based platforms offer 
sole opportunity to synthesis of various types of copolymers. In the synthesis, ring-opening polymerization of 
ethylene oxide with one of the epoxide compounds, such as ethoxy ethyl glycidyl ether (EEGE), allyl glycidyl 
ether (AGE), isopropylidene glycerol glycidyl ether (IGG), and N,N-dibenzyl amino glycidol (DBAG), was 
performed. Structural composition of the polymer can be tuned by using the proper polymerization; i.e., random 
structure can be obtained by a concurrent polymerization, while sequential copolymerization yields to block 
copolymers. Ethylene oxide is a low molecular weight monomer having a boiling point of 10.7 oC, and its 
copolymerization can be initiated by an alkali-metal hydroxide. During the synthesis of polymer, monomer feeding 
becomes a critical factor for the determination of the complete sequence of output polymer. Furthermore, 
appropriate comonomer selection defines the inherent functional groups and their structural organization. In that 
context, PEG crystallinity can be decomposed by incorporation of a random copolymer and even for some block 
forms, and the thermal properties of such polymers can significantly differ than PEG homopolymers. Such 
approach leads to a homogeneous average of PEG homopolymer segment length within the polymer chains 
results in changes in thermal variation of the comonomer ratio.41 Table 1 summarizes some of the relevant 
studies on PEG copolymers appeared in the last decade. Either as linear or block copolymers were synthesized 
with particular molecular weights and those functional molecules were intended for biological applications, mostly 
as a delivery structures to carry the active molecules to the targeted areas.  
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Table 1. Typical monomers used for PEG copolymerization with their fundamental properties. 
Comonomer(s) Polymer Structure 
Mn 
(kg/mol) 
 
Terminal 
Groups 
Characteristics Application Refs 
1,2-isopropylidene glyceryl 
glycidyl ether (IGG) 
Random, 
linear 5 – 30 
Amine-
Hydroxyl Tg=-54 -28 
oC - 42 
Glycerol Random, branched 23.5 – 39 Hydroxyl Tg=-60 
oC - 43 
Lactic acid Block, branched 6-18 Hydroxyl - DDS 
44
 
Lactic acid Block, branched 6-13.5 
Methyl-
Hydroxyl - DDS 
45
 
Dextran or Hyaluronic Acid or 
Chitosan 
Block, 
linear 6-60 Hydroxyl - - 
46
 
Caprolactone Block, linear 6-29 Hydroxyl - Micelle formation 
47
 
Carbonate Block, linear 9-12 Hydroxyl - 
DDS with Cancer 
Stem Cells 
48
 
Butylene succinate Block, linear 70-90 Hydroxyl - - 
49
 
Lactic-co-glycolic acid Block, linear 7 Hydroxyl - 
DDS with Stem 
cells 
 
50
 
Caprolactone Block, linear 5-6 Hydroxyl - 
In situ gel 
formation 
51
 
Dimethyl(methacryoyloxy)methyl 
phosphonate 
Random, 
linear 13 
Phosphonic 
acid - 
Nanoparticle 
PEGylation 
52
 
(2-nitro-1,3-
phenylene)bis(methylene) 
diacrylate ( 
Block, 
linear 10 Hydroxyl - Micelles for DDS 
53
 
2-methyl- 
2-benzoxycarbonylpropylene 
carbonate 
Block, 
linear 6.2 
Methyl, 
Hydroxyl - 
Micelles for 
Treating 
Resistance 
Breast Cancer 
54
 
D, L-lactide-co-glycolide Block, linear - Hydroxyl - Gels for DDS 
55
 
L-lactide 
Block, 
branched 
(star) 
21, 33 Methyl - DDS 56 
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Scheme 2. Homofunctional PEG-polyglycerol derivatives with various branched reactivities.  
Towards syntheses of functional reactive copolymers of PEGs, glycidol derivatives seem to be excellent 
molecules for the production of several PEG-glycidol copolymers with desired functionalities (Scheme 2). 
Controlled polymerization of ethylene oxide and protected glycidols can yield mono or multifunctional PEG 
derivative molecules. In that sense, Lie et al. (2009) reported a library of linear PEG derivative molecules either 
as monofunctional or heterofunctional molecules (see Scheme 2). This platform shows a promising approach 
creating mono- or heteofunctional molecules for particular applications.  
PEG is neutral and non-functional polymer. Intrinsic properties of PEG copolymers can vary depending on the 
comonomer structure and its compositions in polymer sequence. Monomers possessing degradable linkages are 
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commonly applied synthesis of degradable polymers with superiority of hydrolytically sensible bonds. 
Caprolactone, lactic acid, and glycolid acids are commonly applied for synthesis of such polymers, while 
propylene oxide is mainly used to decrease crystallinity and LCST behavior of polymers. In that sense, epoxide-
based monomers were used to synthesize of PEG copolymers with tunable LCST through AROP (anionic ring 
opening polymerization).  
4.  PEGs in Use: Homopolymers versus Copolymers 
i-) PEGs as Surfactants. PEG homopolymers are not considered as a surfactant in applicable manner due to 
highly hydrophilic nature; however, it acts as a surfactant with the incorporation of the hydrophobic segments into 
the polymer backbone, such as with propylene oxide, commercially known as TERGITOL and Pluronic, or 
caprolactone, or lactic acid. TERGITOL and Pluronic polymers are known as nonionic surfactant having many 
different versions, combining hydrophilic ethylene oxide segments with hydrophobicity of the comonomer, 
propylene oxide (PO).  
PEGylated amphiphiles are commonly used surfactants in biomedical research since they are listed as 
biocompatible systems. They possess water solubility, nontoxicity, ion transporting ability and anti-adhesivity 
against biological media. The structure and size of the surfactant molecules determine drug loading capacity, and 
in that context, dendritic shaped surfactants showed maximum drug loading. Moreover, branched surfactant 
molecules showed better-colloidal stability at high dilution conditions and reproducible pharmacokinetic behavior. 
Amphiphilic carriers are an important class of nano-carriers that can bypass the boundary of the cell membrane 
by delivering its payload in cytosol. However, in designing such a carrier, two prominent factors play critical roles; 
i-) high solubilizing capacity and ii-) a good colloidal stability. Both factors are driving forces in fabrication of nano-
carriers with tunable characteristics. More surfactants developed with a combination of hydrophilic flexible PEG 
and hydrophobic molecules, cholesterol-based as such. Those conjugates can capable of forming micelles 
through molecular self-assembly at tunable size range, and the output forms can be uptaken by the cell via 
clathrin-independent pathways into endosomes.  
PEG-based surfactant systems were shown to be efficient platforms for DDS, and further reactivity of the system 
can be adopted toward intended application, where they increase bioavailability of lipophilic drugs or nutrients. 
Contrariwise to the low molecular weight surfactant molecules, which are unstable upon substantial dilution (for 
instance, within the blood volume upon intravenous administration), PEG-based surfactants can form spherical 
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micelles and have high solubilization capacity with rather low critical micelle concentration (cmc) values that make 
them very stable for in vivo applications. Compositionally tailoring provides sole opportunity to tune the factors 
like stability, disintegration, and loading capacity. Beyond the simplicity in design of such particles, imaging of 
them particularly when they are in contact with biological systems, such as cells, are very intriguing to understand 
their properties. In a manner, embedding of imaging agents, such as quantum dots or fluorescence molecules are 
irrevocable for advanced DDS systems. Moreover, using gamma-imaging or fabricating radiolabeled carriers 
seem to be more challenging systems since they could be in vivo visualized in tissues by using MRI techniques.  
ii-) PEGs for PEGylation. PEGylation is a conjugation concept developed at 1970s, describing the modification 
of biological molecules by covalent conjugations with PEGs.57 The method has been commonly applied for the 
screening the biomolecules against the immune response to show stealth effect. Yet, PEGylation may affect the 
physicochemical characteristics of biomolecule, such as conformation, electrostatic binding, or hydrophobicity. 
Contrariwise, PEGylation can significantly increase drug stability and the retention time during circulation in the 
body and reduces the proteolysis and renal excretion with tuning PEG size, shape, density, molecular weight, and 
charge.4-6,58-61 
Bioactive molecules are commonly used featured molecules, and some of them can be called as drugs are 
susceptible to many factors when they are in vivo uptaken. Mostly they suffer from instability, degradation by 
proteolytic enzymes, rapid excretion, and attack by the immune system (macrophages). Thus, the delivery of 
such molecules was achieved by different approaches, e.g., using gel scaffolds, liposomes or capsules or by 
using a ligation chemistry to incorporate biocompatible, protein and cell resistance molecules. First approach 
requires a complex series of steps and may show undesired biological effect (e.g., toxicity) depending on building 
blocks of the structure. However, the latter approach uses biocompatible, chemically inert polymers, PEGs in 
most cases. With efficient medication, those drugs can be hindered against many undesired reactions with 
biological media or cells. However, the method has some critical factors dealing with excessive PEGylation. Since 
the drugs are bioactive molecules should interact with targeted molecules at efficient yields without facing any 
steric hindrance of active sites. PEGylation should thereby precisely be tuned to avoid from the excessive 
PEGylation. The other significant phenomenon is the susceptibility of biological molecules against many factors; 
they can easily be denaturalized. So the proper chemistry is a key factor for PEGylation should be performed at 
mild condition to avoid any denaturation of the bioactive molecule, especially proteins or enzymes. In that context, 
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terminal hydroxyl groups of PEG can be transformed into the appropriate functionalities that can yield reaction 
with amino acid of the biomolecules. PEGylation can also be specifically controlled over some specific groups, 
i.e., azide on the biomolecule using diazo-transfer reagent, imidazole-1-sulfonyl.  
PEGylation concept can also be used for nanoparticles instead of tethering them with biological molecules. That 
kind of PEGylation is commonly used for screening of particles against undesired immune response, and to use 
them by incorporating some specific structures for imaging, i.e., gold nanoparticles (GNP), quantum dots (QD), 
and conjugate therapeutics, RNAi.34,62 Such use of nanoparticles in imaging covers various modalities, such as 
optical and radionucleotide techniques showed promising results. 
Although the presence of numerous studies on PEGylation using mostly homopolymer, there are considerable 
amount studies which rely on PEG copolymers. Furthermore, PEG copolymers were used to create self-
assembled particles to release PEGylated drugs upon in vivo administration. One interesting example to that 
reported by Weit et al. (2013),63 just mixing of PEGylated taxol with a copolymer of PLGA-PEG-PLGA yielded 
Janus nanogel system showed rather stability over months in aqueous solutions. These particles revealed 
significant tumor growth inhibition, suggest their use for delivery system targeted for cancer therapy. Another 
PEG-copolymer system, amphiphilic polypeptide-containing hybrid dual brush block copolymers were 
synthesized by one-pot ring opening polymerization of sequentially added norbornyl-PEG and N-(2-
((trimethylsilyl)amino)ethyl)-5-norbornene-endo-2,3,-dicarboximidi (MI), followed by the ring-opening 
polymerization of amino acid N-carboxyanhydrides.62 Those assemblies showed significantly improved stability in 
PBS solutions compared to those of the coated with amphiphilic linear block copolymers, such as PEG-
polylactide and PEG-polypeptides. 
iii-)  PEGs as Gel Scaffolds. Most common intention of PEGs is liposomes for biomedical research. Liposomes 
are self-assembled molecules intended for drug delivery to the targeted site of action, and liposomal delivery 
concept is considered as the simplest, but a versatile system. In that sense, PEG molecules would be 
outstanding candidates since PEGs do not evoke immune system, and well recognized as biocompatible 
polymer. Especially in water, the corona is formed by PEG segment while the core is high dense organization of 
hydrophobic moieties. Incorporation of the hydrophobic comonomer(s), such as propylene oxide during the 
polymerization ethylene oxide yield a copolymer of PEG, in which ethylene oxide is repeating segments are 
hydrophilic and the co-monomer is hydrophobic. In the case of water-based application, PEG will densely be 
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located at corona, and that will hinder immune system behaving as a shell will endows a stealth character during 
the circulation in veins and ECM environment. 
PEG-based block polymers with dominant amphiphilic character show high solubility differences between 
hydrophilic and hydrophobic parts may have a tendency of forming micelles in appropriate solvent systems. PEG 
has also been applied for the fabrication of gel scaffolds either as a primary contributor or as cross-linker using 
end-reactive PEG molecules. Branched PEG molecules are ideal molecules to generate such networks since the 
terminal hydroxyl arms can be transformed into various functional blocks, and those groups can yield in the 
network formation without requiring any additional cross-linker or stimulus to promote the cross-linking. In that 
context, some terminal reactivity became distinctive; those are isocyanate, thiol, allyl, acrylate, cyclooctyne, active 
ester, azide, alkyne, etc. Those functional groups were widely used for the scaffold formation that the bio-
application is somehow limited with the end-reactivity. Since the cell surface is decorated with glycolipids and 
lipids, they present amino groups on the cell surface. Once the cross-linking reactions were performed with cells, 
amine-reactive linkers can inevitably covalently bind with cells, so the cells cannot move freely that may give rise 
to cytotoxicity. However, when system is based specific chemistries like bioorthogonal, cells will not react with 
those molecules, and therefore, those systems can be used as injectable system with cells for in vivo applications 
with minimal cytotoxicity.     
Anseth and colleagues reported a series of studies based orthogonal scaffolds, cyclooctyne-terminal PEG 
molecules.64-67 The hydrogels were prepared by the copper-free, strain promoted, azide-alkyne cycloaddition 
(SPAAC) click reaction between tetracyclooctyne-PEG molecules and bis(azido) allyloxycarbonyl (alloc)-
protected polypeptide N3-RGK(alloc)GRK-N3 in aqueous medium. Once the network is formed by the azide-
alkyne reaction, free allyl groups served as free anchor points for the introducing biochemical clues by the thiol-
ene reaction. Those reactions are mild, cytocompatible and allow encapsulation of cells within the gel matrices. 
Another well-known example to those PEG systems is Tetra-PEG polymers that constitute the network with 
oppositely reactive terminal groups, active ester and amine, yielding to highly homogenous networks with 
excellent mechanical properties with a near absence of spatial inhomogeneity.68-71  
PEG-based copolymers were extensively used for the hydrogel scaffold preparation with intrinsic properties, 
responsivity as such. PEG is chemically inert and non-charged polymer, and therefore do not exhibit any 
responsivity towards external stimuli. However, combination of PEG chains with hydrophobic or charged polymer 
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segments might open an application window to use these molecules as functional materials with a responsive, 
smart concept. In that context, many studies were used hydrophobic comonomer to the hydrophilic PEG chains to 
gain thermo-responsive properties and to give a response to changes in temperature either by swelling or 
shrinking. Similarly, pH responsive systems can produce by the copolymerization of PEGs with comonomer(s) 
having either acidic or basic pendant groups. As comonomer towards such responsive materials, caprolactone 
and lactide acids are most commonly used ones. Both copolymers are hydrophobic biocompatible molecules and 
can further degrade under in vivo conditions. One interesting study on thermoresponsive gels concerns PEG 
copolymers having hydrophobic bisurea hard segments and hydrophilic PEG segments.72 The copolymer was 
synthesized by step-growth polymerization of amino-terminated PEG and aliphatic diisocyanate. Due to multiple 
hydrogen bonds capacity of the copolymers, they could form cross-linked polymer network even at relatively low 
concentrations, and the degree of copolymerization, which represents the number of bisurea segments played a 
crucial role of the characteristics of the gels. For the production of such thermo-responsive block copolymer gels, 
poly(ε-caprolactone) is one of the most used copolymers. Both polymers (PEG and PCL) are biocompatible and 
more importantly, both are FDA-approved molecules. Therefore, they are ideal candidates to produce 
biocompatible thermoresponsive gels. PEG-PCL based gels showed significant mechanical properties and slower 
degradation time. In those kinds of gels, copolymer structure can play a key role, particularly in tuning their 
responsivity. In that context, triblock copolymers derived from PLC-PEG-PCL hydrogels showed superior 
properties than the gels prepared from PEG-PCL-PEG.73 PEG-PLGA based block copolymers were also widely 
used for the production of biocompatible gel networks, having unique thermoresponsive nature. Thermogelation 
is commonly used approach in tissue engineering as injectable materials aim at regenerative medicine. In that 
sense, gelation temperature can play a prominent role, e.g., gelation at the temperatures close to body 
temperature are rather selected, and they should be liquid below than the critical temperature. Those systems 
allow the delivery of the gel precursors through injection and the degradability of PLGA chains by hydrolysis. 
iv-) PEGs for Surface Coatings. PEG is an excellent polymer for surface modification experiments due to its 
well-known bioinert structure allowing fabrication of the protein resistant surfaces. It is previously stated that there 
is a definite correlation between surface hydrophobicity and its tendency to adsorb proteins with an uncontrolled 
way. It is due to fact that proteins especially globular ones are amphiphilic molecules having polar and apolar 
amino acid residues in the backbone. When proteins are exposed to hydrophobic surfaces, hydrophobic moieties 
of proteins will try to bind to the material surface while polar residues will be oriented to the solvent. In addition to 
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hydrophobic interactions, electrostatic, van der Waals and steric forces direct the adsorption process. In that 
sense, even very hydrophilic surfaces can adsorb proteins due to electrostatic interactions.  
 
Scheme 3: Cartoon illustration of PEG-based surface coatings with primary parameters indicated. 
Through the last decade, PEG homopolymers and copolymers were extensively used to prepare surfaces on 
various surfaces via using either linear or branched PEG derivatives. Non-adhesive properties of the layers are 
highly associated with the molecular weight of PEGs and their grafting density. Excellent protein repellent 
surfaces were obtained with a highly ordered SAMs on metal surfaces using very short PEG oligomers. With 
using different ligation chemistries, terminal PEG chains become reactive towards desired functionalities. Scheme 
2 summarizes major aspects in PEG-based surface modification, in which the chemical structure and the 
reactivity of the coatings are particularly described.  
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Figure 2. Isocyanate (NCO) terminal sP(EO-stat-PO) coating platform. (a) The cross-linking scheme of 
prepolymer, (b) non-specific protein adsorption on cross-linked sP(EO-stat-PO) films compared to that on grafted 
linear PEO5000, optical microscope and AFM images of the sP(EO-stat-PO) coated surfaces, (c, d)) fluorescence 
microscopy image of a star polymer covered substrate half-dipped into polystyrene solution. Labeled streptavidin 
adsorbs unspecifically on polystyrene, but not on the star polymer. (e) Neural cells, which patterned in the micro-
patterned surfaces after functionalization of the patterns with cell adhesive peptides. Figures were reproduced by 
Groll et al. and Gasteier et al.76, 81,74 
 Although presence of vast number studies on PEG-based coatings, one of the notable example platform was 
developed by our research group that yield in situ thin hydrogel layer through star-type copolymers consisting of 
ethylene oxide and propylene oxide with the ratio of 4:1 having terminal isocyanate groups (Figure 2).75 Due to in 
situ gelation of terminal isocyanate (NCO) in aqueous solutions, they showed promising efficacy for the 
preparation of facile, very thin and functional layers with dynamically tunable properties.76-82 Non-adhesive and 
non-fouling properties of the layers enabled to use them for many ranges of interface applications. Moreover, they 
showed hemocompatibility with significant resistance against plasma proteins and blood cells.83 The chemical 
properties of them, render the surfaces ideal for immobilizing proteins with detection limits down to a single 
molecule level (e.g. nucleosomes and RNase H).84 
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In contrast to the PEG homopolymers, PEG copolymers have the tendency of forming self-assembled structures 
in selective solvents. When tethering such molecules on the surfaces, their behavior can be varied depending on 
temperature, and the shifting between hydrophilicity and hydrophobicity can take place. Such assembly 
phenomenon can create responsive, smart coatings repellent to proteins and even cells. PEG copolymers amine 
comonomers can be tethered on charged surfaces. In that context, Bergstrand et al. (2009) reported 
monofunctional self-assembled monolayers from poly(ethylene imine)-g-poly(ethylene glycol), PEI-PEG and 
poly(L-lysine)-[g]-poly(ethylene glycol), PLL-PEG.85 Gold surfaces were first functionalized with 16-mercapto-1-
hexadecanoic acid and 16-mercapto-1-hexadecanol and then, copolymers were grafted on the surface through 
ionic interactions. Those surfaces were used to prevent the undesired adsorption of human serum albumin and 
fibrinogen, and the results showed that PLL-PEG covered surfaces showed much better prevention of protein 
adsorption. Ding et al. (2012) reported antibacterial and antifouling catheter coatings using surface grafted PEG-
b-cationic polycarbonate diblock copolymers (HS-PEG-PCN).86 Polycationic polymers and nanoparticles are 
widely used for designing of antibacterial surfaces and to prevent the biofilm formation. HS-PEG-PCN polymers 
were grafted on the polydopamine surfaces with charged polycarbonate side oriented at interface sides. Polymer 
coatings with a hydrophobic component efficiently killed planktonic MSSA (Methicillin-susceptible Staphylococcus 
aureus) and methicillin-resistant S. aureus (MRSA) isolates and prevented their fouling on the grafted surfaces. 
Many other PEG copolymer systems were used to create functional interfaces using PMMA-PEG,87 poly(HEMA-
co-PEG10MA),88 PEG-polyamino acids,89 PLA-b-PEG,90 poly(vinyl alcohol)-g-PEG-co-polyurethane (PVA-g-(PEG-
co-PU)),91 star polymer composed of three poly(ethylene glycol) (PEG) arms and one poly( N,N-dimethyl 
acrylamide) (PDMA) arm (PEG3-PDMA),92 and so forth.  
5. Concluding Remarks and Outlook. This review highlights current limitations of PEG molecules and detailed 
description of their copolymers as alternative molecules. PEG is an inert and hydrophilic polymer enables their 
use in versatile applications. Those molecules were used as surfactants, gel scaffolds at various length scales 
(e.g., hydrogels, nano-&microgels, surface applications, and for PEGylation). The biological data suggest their 
applications for in vivo studies; however, some recent studies showed that high molecular weight ones might 
accumulate in the body. Moreover, those molecules are suffering from LCST, crystallinity, metal-ion 
complexation, low-functionality and non-degradable structure. Those drawbacks are intriguing in limiting their 
uses; such as high crystallinity, limits their uses in drug carrying system since the crystal lattice of PEG can 
hinder the drug entrapment, and nondegradability causes accumulation for PEGs in organs that later induce 
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toxicity. Those drawbacks gave rise to the alternative PEG copolymers by incorporating second monomer in 
statistical or block form to the backbone. In that sense, most commonly used monomers were caprolactone, L-
lactide, and propylene oxide. Each monomer gives unique properties to the polymer, and their accumulation can 
be diminished using degradable copolymers.  
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Chapter 3 
Viscoelasticity and Dynamics of Amphiphilic Statistical Star-Shaped 
PEG Copolymer Solutions and Melts 
Rheology and dynamics of six-armed statistical copolymers formed by hydrophobic propylene oxide (PO) and 
hydrophilic ethylene oxide (EO) with an EO/PO ratio of 5.3 and the molecular weights of 6 and 18 kg/mol were 
studied. The copolymers have relatively low viscosities with strong shear-thinning behavior, having zero-shear 
viscosities (ηo) in the range of 0.1 - 10 Pa.s, altered with polymer content. With increasing molecular weight of the 
copolymer arm from 1 to 3 kg/mol, substantial changes in the properties of the stars were observed, particularly in 
terms of relaxation. WAXS and DSC analyses supported that the copolymers have amorphous configuration and 
their conformations in water varied than in organic solvents with the formation of bigger clusters and the 
conformational changes of the arms. In contrast to typical block copolymer forms of EO and PO (e.g., Pluronics), 
the sP(EO-stat-PO) copolymers did not exhibit marked thermoresponsivity, however, nanoscale aggregation of 
the prepolymers clearly observed due to the presence of hydrogen bonds between the oxygen atoms in the 
backbone and water molecules, and as well as hydrophobic interactions among ethylene (–CH2-CH2-) units, as 
commonly seen in PEG homopolymers. The solubility of the star molecules is significantly lowered at high 
concentrations, but the salt addition increased the solubility of the copolymers. This work would be a pioneering 
study to elucidate the properties of statistical star-shaped copolymers and also on their dynamics. 
Keywords. sP(EO-stat-PO), Rheology, Light Scattering, Amphiphilic Polymers 
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3.1. Introduction. Star polymers are a unique class of branched polymers consisting of a single branch point and 
attached linear chains to the central core. They have taken considerable interests due to their remarkable 
properties that differ than their linear analogues with a low viscosity, small hydrodynamic radius, and high 
functionality.1 Depending on the synthesis route, they may present variations in chemical composition, molecular 
weight or different peripheral functionalities. Rheological behavior and the dynamics of the star polymers can 
therefore differ than linear counterparts and exhibit intrinsic rheological spectra and chain dynamics.2,3 
Understanding their viscoelastic properties is thereby became critical for processing performance of consumer 
products, and in this manner, many theories have already been established to determine their viscoelastic 
behavior with different theoretical assumptions at diluted and entangled solutions or melts, such as tube mode 
and coarse-grained bead-spring model. With tube model, the relaxation response of polymers was successfully 
predicted for various linear and branched structures from diluted regime to the melt states, however with the 
consideration of its limitations. For dilute systems, which means the polymer concentration is lower than the 
overlap concentration (c*), Rouse-Zimm theory, which relies on a coarse-grained bead spring model for the linear 
viscoelastic properties, was successfully applied due to the absence of complexity arising from chain-chain 
interactions, the effects of hydrodynamic interactions and the excluded volume.  
Among star-type polymers, particular demands on amphiphilic based ones have increased considerably since 
they could combine the advantages of the star architecture with thermoresponsivity arising from the self-assembly 
of hydrophobic segments in aqueous solutions. Their macromolecular frameworks with desirable properties could 
open up unique applications, such as drug delivery and nanotechnology.4-7 On the other hand, except amphiphilic 
block type star copolymers, self-assembly of statistical copolymers is more challenging than the standard block 
copolymers due to randomly distributed shorter hydrophobic segments and their weak complexity along the 
copolymer chains. In this study, we elucidated rheology and dynamics of star-shaped prepolymer consisting of a 
statistical copolymer of ethylene oxide and propylene oxide with a ratio of 5.3 (Scheme 1). These prepolymers 
together with reactive end groups presented numerous advantages for many applications, such as surface 
coatings, tenside-free syntheses of nano- /microgel particles, and bulk hydrogel preparation.8-12 One common 
example of a copolymer of EO with PO is known as Pluronic polymers in a block copolymer form, and those 
polymers are widely used as nonionic surfactants. Prior efforts showed that these polymers can form micelles due 
to long hydrophobic PO block segments and their assemblies in aqueous solutions. Those molecules have later 
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become promising molecules for encapsulation of hydrophobic drugs or biomolecules, proteins as such. With 
heating those micelles later packed into liquid crystals and form thermoresponsive gels after the critical 
concentration. However, to the best of our knowledge, viscoelasticity and dynamics of a statistical copolymer of 
EO and PO in the star structure, as in our case, have not been studied yet. 
 
Scheme 1. Chemical structure of the star-shaped (EO-stat-PO) prepolymers. EO and PO respectively 
correspond to the repeating segments of propylene oxide (PO) and ethylene oxide (EO).  
In this study, the dynamics and rheological behavior of sP(EO-stat-PO) were studied by varying the polymer 
fraction and arm length. Relaxation profiles of the polymers were investigated by dynamical oscillatory rheological 
measurements, revealed time-dependent relaxation of star arms depending on polymer fraction with their intrinsic 
relaxation spectra. Those polymers formed nano-clusters, of which the sizes varied with the polymer content 
depending on the molecular weight of copolymer. Aqueous solutions of the prepolymers formed turbid structures 
at high concentrations due to interactions of hydrophobic PO segments among thee star molecules. However, 
those assemblies were significantly influenced with the introduction of divalent cations (e.g., CaCl2), disturbing the 
intermolecular interactions of stars.  
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3.2. Experimental Section. 
Materials. Diethylene glycol dimethyl ether (Diglyme) was distilled over sodium before use. Anhydrous solvents; 
Acetone, THF, DMSO and THF were purchased from Sigma Aldrich and used without further drying. 
Synthesis of Star-Type Copolymers (sP(EO-stat-PO)). The syntheses of star copolymers were performed at 
DOW Company (Netherlands) according to the following procedure. Sorbitol (Sigma Aldrich) was evacuated three 
times at 100 mBar under N2 atmosphere, and then melted by heating to 110 oC. KOH 50% (13.68 mol % KOH) 
was added to the melt, and the system was twice filled with N2. The solution was distilled at 110 oC and 90 mBar 
for 1 h and afterwards, the reactor was heated to 120-130 oC and ethylene oxide (EO) (Chemigas, Technical 
Grade) and propylene oxide (PO) (Chemogas, Technical Grade) with a ratio of 80/20 were slowly transferred. 
The reaction during alkoxylation was kept at between 125-130 oC under N2 environment. After injection of EO and 
PO, the reaction was further incubated at the same temperature for one more hour. The reaction was stirred at 
100 mBar at 50 oC. During the cooling, the system was held under N2 atmosphere. After desalination with 
magnesium silicate, the product was separated with a filter-press. 
Rheological Experiments. The experiments were conducted between the parallel plates of the rheometer 
(Discovery Hybrid Rheometer (DHR), TA Instruments) equipped with a Peltier device for temperature control. The 
top plate (parallel plate, diameter 40 mm) was set at a distance of 500 µm prior to measurements. During the 
rheological measurements, a solvent trap was used to minimize the evaporation at diluted conditions.  
Dynamic Light Scattering (DLS). The sizes of the prepolymers were measured by photon correlation 
spectroscopy using a Malvern Nano ZS at a fixed scattering angle of 173o. Noninvasive back scatter technology 
takes particle sizing to sensitivity in the 0.6 nm to 6 µm range. Disposable polystyrene cuvettes were used for 
measurement in water. “Expert System” software was used for the data interpretation. The presented data is the 
average value of three measurements. The dynamic light scattering (DLS) measurements give a z-average (or 
cumulant mean) value, which is intensity mean and the polydispersity index (PDI). The cumulant analysis has the 
following form; 
 
2
(1) 2ln( ( )) ....g t t µ t= −Γ + +
                (1) 
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Where 
(1)g is the first order correlation function, Γ  is the average decay rate and first cumulatant, and 2µ  is 
the second cumulant. The value 
2
2 /µ Γ
 is known as PDI. 
Thermoresponsivity of stars was investigated between 15 and 58 °C with a heating-cooling cycle using an ALV-
SP8 goniometer at an angle θ = 90°, an ALV-SIPC photomultiplier, a multiple τ digital real-time ALV-7004 
correlator, and a solid-state laser (Koheras) with a wavelength of 473 nm as a light source. 
Differential Scanning Calorimetry (DSC). DSC measurements were carried out on a Netzsch DSC 204 
differential scanning calorimeter under nitrogen atmosphere. Samples measured in closed aluminum pans using 
approximately 10 mg of sample, and the measurements were performed between -80 and 120 oC. The heat flow 
was determined as a function of temperature, and the data was analyzed by Netzsch Proteus Software. 
Scanning Force Microscopy (SFM). The morphology of the prepolymers on mica surfaces was investigated by 
a tapping model SFM (NanoScope V, Digital Instruments Veeco Instruments Santa Barbara, CA) under ambient 
conditions. Commercial available standard silicon cantilevers (PPP-SEIH-W from Nanosensors) with a spring 
constant of 5−37 N/m and an oscillation frequency of ∼125 kHz were used. The data were processed using 
Gwyddion Software Analysis, v-2.3.7. 
Wide-Angle X-Ray Scattering (WAXS). WAXS was done using an Empyrean setup from PANalytical. A Cu x-
ray tube (line source of 12×0.04 mm2) provided CuKα radiation with λ=0.1542 nm. The Kβ line was removed by a 
Ni filter. Source and detector moved in the vertical direction around a fixed horizontal sample. After passing a 
divergence slit of 1/8o and an anti-scatter slit of 1/4o, the beam reached the sample at the center of a phi-chi-z 
stage. In the Bragg-Bretano geometry used, the beam was refocused at a secondary divergence slit of 1/4o. 
Finally, the signal was recorded by a pixel detector (256×256 pixels of 55 µm) as a function of the scattering 
angle 2θ. Subsequently, the peak positions were calculated from q = 2pi / d = (dpi / λ)sinθ , in which q is the 
scattering vector. The detector was used in a scanning geometry that allowed all rows to be used simultaneously. 
To reduce the background, the divergent beam perpendicular to the scattering plane was controlled by a mask of 
4 mm restricting the width of the beam at the sample position to about 10 mm. In addition, the perpendicular 
divergence was restricted by soller slits to angles ≤ 2.3o. 
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For each new measurement, the height of the sample was optimized. Scans were made with 2θ, the detector 
axis, moving at twice the rate of the θ-axis of the incident beam. The calibration was checked using a Si reference 
sample. All heat treatments were performed inside a TTK 450 low-temperature chamber under nitrogen 
atmosphere. Temperature was controlled using the Anton-Paar temperature controller with an accuracy of ± 0.1 
ºC. 
3.3. Results and Discussion. Star-type prepolymers were synthesized by anionic ring opening polymerization 
(AROP) of ethylene oxide and propylene oxide in the presence of counter ion K+ showed narrowly distributed star 
prepolymers with a polydispersity index range of ~ 1.10-1.15 and the molecular weights of 6 and 18 kDa. 1H NMR 
analysis determined the ratio of ethylene oxide to propylene oxide as 5.3/1, respectively (see Figure S1, 
Supporting information). 
 
Figure 1. Moduli G´ and G´´ as a function of angular frequency (ω)  for sP(EO-stat-PO) having different molecular 
weights (top panel refers to the stars having Mw of 6 000 g/mol and bottom panel for 18 000 g/mol) at various 
concentrations indicated. Dotted line (red) denotes the longest relaxation time, mτ  at which G´(ω) crosses G´´(ω). 
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Linear Viscoelasticity of the Copolymers and Branch Relaxation. The linear viscoelastic properties of sP(EO-
stat-PO) polymers are investigated by dynamic oscillation tests using frequency sweep measurements under low 
amplitude strains. Frequency dependencies of sP(EO-stat-PO) prepolymers at varied ratios are shown in Figure 
1, where the elastic (G´) and the viscous modulus (G´´)  are plotted as a function of angular frequency (ω) at 25 
oC. Within the entire frequency range, star prepolymers display frequency-dependency, suggesting dominant 
viscous behavior of the prepolymers, and both moduli decrease by several orders of magnitude as the material 
can relax with regard to branch, however, at low frequency range, tendency of elastic G´ rubbery plateau is 
observed. The cross-over of G´(ω) to G´´(ω) known as the longest relaxation time, mτ .13 Following to mτ viscous 
modulus G´´ (ω) rises until a critical frequency, and then, decrease of the respective modulus is observed while 
G´(ω) continued to rise. This critical frequency ωmax-1 quantity has been shown by Rovers to be proportional to M2 
(M; molecular weight), which is expected Rouse relaxation of the arm, eqτ . As seen in Figure 1, ωmax is accessible 
for 6-kDa stars at 30 rad/s (200 ms) while ωmax of the 18-kDa stars could not be accessed. However, for diluted 
systems, ωmax is accessible for both molecules. At low frequency ranges, terminal zones, that is backbone 
relaxation, where G´ < G´´ and G´ ∼ ω,  G´´ ∼ ω2 ,  could not be accessible for both star molecules at the melt 
states while the relevant zones are reachable for the diluted systems. However, arm retractions for both stars at 
low frequencies were could not reach. Plateau moduli ( oNG ) for the 6 kDa stars are determined using the elastic 
modulus value of the frequency which is corresponding to the minimum in tan δ. oNG  values for 100, 75 and 50 wt-
% are respectively found as 2.6, 0.7 and 0.2 kPa.  
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Figure 2. Cole-Cole plots of G´´ (ω) vs. G´ (ω) for both star molecules (OH-sP(EO-stat-PO)) at various 
concentrations. Left panel denotes to 6 kDa stars and the right panel refers to star polymers having Mw of 18 kDa. 
The viscoelastic behavior of the entangled polymers in low shear frequency range often follows the Maxwell 
model of viscoelastic fluids with a single relaxation time ( Rτ ), described by following equations; 
2 2
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ω τ
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          (3) 
How well the data corresponds to the Maxwell model, which can be visualized by Cole-Cole plot (G´´ vs. G´). If 
there is a single relaxation time, the Cole-Cole plot will be perfect semicircle with radius of r and x-axis draws 2r. 
The Cole-Cole plots for both star molecules at various concentrations were shown in Figure 2, revealed semi-
elliptic shapes and further deviates from the Maxwellian behavior with an increase of polymer content. This fact is 
associated with that the prepolymers do not have a single relaxation time, and thereby they do not behave like 
typical Maxwellian liquids.  
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Figure 3. Elastic modulus G´ (filled symbols), viscous modulus G´´ (empty symbols) and stress (σ) as a function 
of strain amplitude γo. T = 37 oC. cOH-sP(EO-stat-PO) = 100 wt-%. 
Large Amplitude Dynamic Measurements. Large amplitude dynamic experiments were performed by strain 
amplitude sweep tests to characterize the behavior of star polymers under large deformations. Figure 3 displays 
results for sP(EO-stat-PO) prepolymers melts measured at various  strains γ (from 0.01 to 150). At entire strain 
amplitudes, samples give linear viscous response to the strain, revealing dominant viscous property of the 
prepolymers without any significant elastic property. This is due to fact that the system consists of random-coil 
stars and that causes entangled structures within the aggregates. That may lead to entangled polymer chains; 
however, the system cannot endure against large amplitude of strain, and the flow inevitably occurs.  
 
Figure 4. (a, b) Viscosity plots at different temperatures of sP(EO-stat-PO) prepolymer melts. (c, d) Zero-shear 
viscosity (ηο) as a function of temperature for both prepolymer melts. Particle-size distributions of the single 
molecules (e) and the clusters (f). 
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Viscosity of the star molecules was studied at different temperatures. Figure 4(a) shows the viscosity sweeps for 
both stars at 37 oC, which both exhibit liquid-like responses with dominant shear thinning behavior. With the 
increase of molecular weight of star arm from 1 to 3 kg/mol, viscosity of the polymers proportionally rises. The 
temperature-dependent complex viscosity in Figure 4(b) revealed high dependence of the viscosity on 
temperature. Particularly, those having higher molecular weight showed marked decrease of viscosity with 
temperature rises due to the weakening non-covalent interactions between the prepolymers. Zero-shear 
viscosities (ηο) were determined via a curve fitting of Carreau-Yasuda equation ( 1
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η η
η η λ
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) 
using the software Trios (TA instruments).  Zero-shear viscosities (ηο) as a function of temperature were plotted 
for both stars, revealed notable changes with temperature rising. Viscosity of both stars significantly lowers with 
the temperature due to weakening of non-covalent interactions. The sizes of star molecules play critical role in 
their viscosity as seen in Figure 4 that shows the complex viscosity (η∗) as a function of temperature, in which 18-
kDa star revealed more notable differences than the 6-kDa star molecules. DLS analyses showed that 18-kDa 
stars are more compact than 6-kDa stars (Figure 4(e)), possibly forming of random-coil state along with retraction 
of arms to the core. Since the results represent 60% more compact structure with taking consideration of their 
molecular weights, causing more entangled points so that viscoelastic property arises at low amplitude of strains. 
Furthermore, those molecules are forming of aggregates sizing up ~ 90 nm for 6-kDa stars and ~140 nm for 18-
kDa star molecules, which coincide well with size differences of the single star molecules within the standard 
deviation of 10% (Figure 4f). That evidences the similar amount of the star molecules comes together to form 
clusters at the same concentration. 
 
Figure 5. Viscosity plots at various concentrations of entangled sP(EO-stat-PO) prepolymers in water.  
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Viscosity sweeps of entangled prepolymer solutions at dilutes states in water shown in Figure 5, in which the 
stars exhibited sharp shear thinning behavior at low shear rates (γo > 0.1 s-1). Concentration-dependent zero-
shear viscosity (ηο)  displayed proportional changes depending on the polymer content. 
 
Figure 6. Top panel shows changes in transmittance of aqueous prepolymer solution as a function of 
concentration, and the changes in transmittance of 50 wt-% sP(EO-stat-PO) solutions having various CaCl2 
content. (Bottom row) Photos of sP(EO-stat-PO) prepolymer solutions at different compositions in water.  
Dissolution of the star molecules in water at varied salt contents were studied by transmittance experiments 
(Figure 6). The star molecules tend to aggregate with increasing polymer concentration. The turbidities of the 
solutions increased for star molecules until a minimum transmittance was readied at 50 wt-% and 25 wt-% for 6 
kDa and 18 kDa star molecules, respectively. At those concentrations, light transmittance significantly lowered 
until 40 and 8 % of incident light of the respective stars. Irrespective of the turbidity, the solutions became stable 
and no precipitation or creaming was observed. It can be concluded that loose aggregates formed that read a 
maximum size of the minimum transmittance, when CaCl2 was added minimum transmittance mixture the rabidity 
of the solutions was lowered. This is different than linear PEO when salt addition reduces the solubility.  
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Figure 7. Stress-relaxation spectra of 6-kDa sP(EO-stat-PO) (c =100 wt-%) at different strains γ (%) indicated.  
The relaxation spectra of the 6-kDa sP(EO-stat-PO) stars at melt state and at different strains were shown in 
Figure 7, revealing remarkable differences on relaxation behavior of star prepolymers . At time t = 0, the system 
applies instantaneous shear strain γo, and the shear relaxation modulus (G (t)) varies depending on applied strain 
levels. At low strain values, system show relaxation as occurred for viscoelastic materials, however, at high strain 
levels, no relaxation profiles appeared due to high stress levels at which flow occurs without showing any elastic 
behavior. From stress relaxation experiments, viscoelastic range of the prepolymers in terms of applied stress (σ) 
send was calculated between as 0.01 - 0.001 Pa. Thus in this concentration range, the system behaves as 
viscoelastic materials, however, at high strain levels, the viscous behavior appears. 
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Figure 8. Creep-recovery curves of sP(EO-stat-PO) (Mw = 18 kDa) melt shown as a function of the creep (600 s) 
and recovery times (600 s) at various applied constant stress 0σ . Upper panel refers high stress levels whereas 
the below one denotes to the low stress levels. c = 100 wt-%. 
To figure out the behavior of the stars at high and low amplitude of strains, creep-recovery experiments were 
performed at various stress levels (Figure 8). At high amplitude of strains, the system behaves like a viscous 
solution without any elastic recovery property as previously shown in amplitude sweep analyses. However, at low 
amplitude of strains, the system tries to come to the initial state with significant recovery percentages (50-100%) 
dependent on applied stress, revealing viscoelastic behavior of the stars at very low strain levels. So, in the 
viscoelastic regime, direct relation between the deformation strain and the recovery of the system was clearly 
observed.  
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Figure 9. (Upper panel) Heating-cooling cycles of copolymer melt in the temperature range of 25-60 oC. (Below 
panel) Hydrodynamic radii (Rh) of star molecules as a function of temperature (between 15-58 oC) in water.  
Influence of temperature on viscoelasticity of the copolymer melts was investigated with dynamic oscillatory 
experiments with temperature rising from 25 to 60 oC and followed by a cooling cycle (Figure 9). With the 
temperature increase, loss modulus (G´´) decreased while no notable changes in elastic modulus (G´) were 
observed, suggesting that elastic contribution on overall moduli rises. During the cooling process, similar behavior 
was revealed. In contrast to block polymer analogues of EO/PO, e.g., Pluronics, which show significant increase 
in G´ over critical temperature, sP(EO-stat-PO)s, however, do not exhibit that kind of thermo-gelling behavior, 
meaning that, distributed PO segments does not long enough to form hydrophobic bridges and therefore, they do 
not promote the gelation. At low temperatures, both EO and PO domains are hydrophilic, but with temperature 
rising, hydrophobicity of PO block increases and aggregation phenomenon should be appeared if the PO block is 
long enough. However, for our copolymer system, which has have random distribution of PO domains along with 
their low ratio cause not reversible transition with temperature rising. To prove this phenomenon, DLS analysis in 
water was performed, and the size changes of the molecules over temperature were recorded. Figure 8 shows 
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the hydrodynamic radius of the sP(EO-stat-PO) prepolymers at 1 wt-% in water as a function of temperature. For 
the star having longer arm (3 kDa) no substantial changes in Rh was observed, but, low molecular weight stars 
showed significant changes with temperature, but did not follow same trend during the cooling process. On the 
other hand, 6-kDa stars showed marked turbidity than the 18-kDa star molecules, revealing more notable 
structural organization. So the contribution of PO segments for low molecular weight star is more dominant than 
bigger star molecules as also revealed by transmittance analyses.   
 
Figure 10. DSC thermograms of both star prepolymers at bulk states as heating and cooling cycles.  
Phase behavior of the copolymers was studied by differential scanning calorimetry (DSC) as a cooling - heating 
cycle in the temperature range of -80 - 100 oC. Figure 10 shows the DSC spectra of both copolymers at melt 
states. Both copolymers revealed cold crystallization temperature at about -35.6 oC and with the corresponding 
crystallization enthalpies of 49.01 J/g (6 kDa stars) and 46.85 J/g (18 kDa stars), respectively. Glass transitions of 
the both copolymers were respectively observed in the range of -70 and -65 oC with the corresponding 
pC∆ values of 0.326 J/g.K and 0.142 J/g.K. Crystallization degrees of the prepolymers was calculated using 
m
c o
m
H
H
χ ∆=
∆
. Where the omH∆ is the enthalpy (J/g) for 100 % crystalline polymer (196.8 J/g) and mH∆  is the cold 
crystallization enthalpy appeared in the range -30 and -40 oC.  The crystallization degree for both polymers was 
found in the range of 23-24 %. 
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Figure 11. AFM height and phase images of the 1 wt-% aqueous solution of sP(EO-stat-PO) (Mw = 6 kDa) after 
spin coating for 1 min and incubation for 15 min. 
Self-assembly of block copolymers are a common phenomenon, which is driven by the forces between the long 
hydrophobic segments, and their morphologies can easily be tuned and even predicted with the molecular 
parameters employed, such as molecular weight, chemical nature and the length of the blocks.14-16 Contrariwise, 
random copolymers are not preferable for the fabrication such particles because of their uncontrolled distribution 
of block segments and their weak interaction along with polymer chains and even broader dispersity. Self-
assembly of the sP(EO-stat-PO) at 1 wt-% (in water) was investigated by scanning force microscopy (SFM). 
Figure 11 displays the star copolymers form polymer-wetting phenomenon since the interactions of aggregates 
are not strong enough to hold them in shape. The mechanism behind self-assembly of the copolymers in water 
may be associated with the phase separation; i.e., the hydrophobic chains aggregate first and then, followed by 
nucleation in solution. With time, less hydrophobic parts also aggregate and gradually assemble on the surface of 
the nuclei. 
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Figure 12. (a) XRD spectra of sP(EO-stat-PO) prepolymers of different molecular weights and (b) at various 
temperatures. (c) XRD spectra of sP(EO-stat-PO) in various organic solvents and (d) aqueous solutions. 
Conformation of sP(EO-stat-PO) Prepolymers at Melt and Entangled States. The structural analyses of the 
polymers based on various aspects are critically important for the molecular design of polymers for targeted 
applications. X-ray diffraction analyses explored the configurations of both copolymers at various compositions in 
different solvent systems and various temperatures. It was previously reported that the structure of PEO crystal in 
its original state is a 7/2 helix, with the tgt (t: trans, g: gauche (preference of the C-C bond)) conformation 
repeated for O-C, C-C and C-O bonds and the configuration changes to a planar zigzag (ttt) structure in the 
stretched state. Figure 12 shows X-ray diffraction patterns of sP(EO-stat-PO) prepolymers revealing spectra of a 
broad amorphous peak appeared at  2θ ~ 20.7o  (d= 4.23 Å) along with small wide peak at 40.40 o (d= 2.20 Å), 
that is quite different than the PEG homopolymer, which shows typical crystalline peaks at 19.4o and 23.5o, 
suggesting the incorporated PO segments in random composition hinders the crystalline phase of PEG. Similar 
phenomenon was also observed for (PEO-b-PNIPAM) copolymers showed two broad amorphous peaks at 20o 
(of PEG) and 7o (of NIPAM). The conformation of the sP(EO-stat-PO) showed no significant changes with 
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temperature, since the copolymer has not crystalline segments sensitive to the temperature. For PEG polymers, it 
is expected that the heating will transform crystalline domains into an amorphous state, which generally appears 
at ~60 oC. We also investigated the prepolymers in various organic solvents (e.g., acetone, DMSO, THF and 
DMF) at 50 wt-% of their mixtures showed no noteworthy changes, but just with the intensity of the peaks altered. 
Contrariwise to DMF, THF and acetone, DMSO is considered as the worst solvent among them for this 
copolymer, and the respective low intensity could be assigned to the solubility of prepolymers. Lastly, the 
conformation of star molecules was investigated in water at different concentrations (Figure 12d). Configuration of 
star molecules in water is significantly different from the organic solvents. With increasing of water content, 
amorphous peak shifted to higher angles; i.e., from 20o to 25o, suggesting the chain configuration of the stars 
differed with decreasing of the polymer content. Since the configuration of PEG in organic solvents was reported 
as to be helical, in aqueous solution this configuration might be changed with increase of water content. Another 
scenario could be associated with their intrinsic assemblies in different solvent systems.  
3.4. Conclusion.  
Viscoelastic properties and dynamics of star-shaped copolymers are studied, and the following results could be 
drawn from our study: 
i)  Relaxations of the stars are directly linked with the molecular weight of the arms and vary upon their 
concentration, and those star molecules do not behave like Maxwellian liquid and do not have a single 
relaxation time. 
ii-)  Those stars molecules form clusters with diameter (D) of ~ 100 nm, which varies with the molecular weight 
of the stars.  
iii-) Contrariwise to the block copolymers of EO and PO, these random copolymers are amorphous polymers. 
iv)  Their assemblies in organic solvents occur differently than water solution accompanied with the changes of 
the helical configuration, which are characteristics of PEGs in organic solvents.  
v)  The assemblies are not strong enough to keep them in shape during the drying process.  
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vi)  Viscoelastic behavior of the stars is revealed at low amplitude of strains due to entangled chains of the 
aggregates.  
These star molecules may seem a promising approach with their amorphous configuration, which allows their 
processing more easily than the PEG homopolymers, and their low viscosity enables to use them at industrial 
scales at melt states. 
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Supporting Information for Chapter 3 
 
 
Figure S1.1H-NMR of sP(EO-stat-PO) of 18 kDa in CDCl3 solvent after drying at high vacuum for 6 h.  
 
Figure S2. Transmittance of sP(EO-stat-PO) (Mw = 6 kDa, c= 50 wt%) at varied temperatures indicated. 
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Chapter 4 
Comparative Insights into Dynamics and Properties of Star Type PEG 
Homopolymers and Copolymers 
This study deals with the physicochemical properties of six-armed star-type PEG homo- and statistical 
copolymers of comparable molecular weights. Both polymers were investigated with regard to viscosity, dynamics 
in water, phase behaviour, and configuration. The behaviour of star-type copolymer in flow is similar to the 
homopolymer with strong shear thinning behaviour. Both polymers in water yielded to clusters, driven by 
hydrogen bonding and hydrophobic interactions. The solubility of both polymers at high concentrations is 
significantly differed; i.e., the solubility of the copolymer is lowered as the concentration rises, while the 
homopolymer was soluble in the same concentration range. Hindered crystallinity of copolymers was shown by 
DSC studies and also supported by WAXS analyses, suggesting amorphous state for the copolymer while the 
homopolymer was shown to consist of highly crystalline segments.  
Keywords. PEG, homopolymers, copolymers, viscosity, configuration 
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4.1. Introduction. Poly(ethylene glycol) (PEG) is a unique synthetic polyether compound with a wide range of 
applications. It possesses several physicochemical advantages, including unlimited water solubility, low 
persistence length (λ=3.8 Å), largely excluded volume, and high degree conformational entropy.1, 2 Due to inert 
and nontoxic structure together with non-immunogenic nature, PEG has become widely used synthetic molecule 
for several materials constructs, ranging from nanoparticles to injectable materials, which are particularly intended 
for biological use.3-5 
Although many prestigious properties of PEGs, those molecules have some properties no desired for biological 
applications; these are lower critical solution temperature (LCST), crystallinity, metal-ion complexation, low 
functionality and non-degradability. Such drawbacks are prominent in assigning their applications, such as drug 
loading and renal excretion in the kidney, particularly for the PEGs having high molecular weights. To overcome 
or at least to minimize those problems, many attempts were already done to the precise synthesis of PEG 
alternative molecules or PEG-based copolymers with their intrinsic pros and cons.6-9 In that context, 
polyoxozoline, polylactide, polyaminoacids, and polygycerols are commonly used ones as alternatives to the 
PEGs. However, the presence of a large amount of studies on PEG-based copolymers together with FDA-
approved biocompatibility supports their use in Biomed than PEG alternatives, which might confer charged 
structures and therefore, may evoke immune system, particularly macrophages, during their long-term circulation 
in the body. 
Branched PEG-based systems have taken considerable interest since they combine multifunctional architectures 
with small hydrodynamic radii so that the molecules have relatively low viscosities in contrast to the linear 
analogues. Furthermore, the molecular architecture of such molecules can be adjusted as star, H-shaped, or 
dendritic. In this communication, we studied the dynamics and properties of six-armed sPEG and sP(EO-stat-PO) 
molecules of similar molecular weights on their structures and properties; viscosity, crystallinity, phase transition, 
dynamics in water, and configuration. 
4.2. Experimental Part. 
Rheological Experiments. The experiments were conducted between the parallel plates of the rheometer 
(Discovery Hybrid Rheometer (DHR), TA Instruments) equipped with a Peltier device for a temperature control. 
The upper plate (diameter 40 mm) was set at a distance of 500 µm prior to measurements. During all rheological 
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measurements, a solvent trap was used to minimize the solvent evaporation. Furthermore, the outside of the 
upper plate was covered with a thin layer of low-viscosity silicone oil at the course of the measurement.  
Dynamic Light Scattering (DLS). The star polymer solutions were passed through a 1.2 µm 
poly(tetrafluoroethylene) membrane filter. The particle sizes were measured by photon correlation spectroscopy 
performed at an angle θ = 90° with a setup consisting of an ALV-SP8 goniometer, an ALV-SIPC photomultiplier, a 
multiple τ digital real-time ALV-7004  correlator, and a solid state laser (Koheras) with a wavelength of 473 nm as 
the light source. Sample cuvettes were immersed in a toluene bath and thermostated within an error of ±0.1 °C. 
Auto correlation functions (ACF) of intensity fluctuations 2 ( , )g g t  in the self-beating mode were measured and 
can be expressed by the Siegert relation: 
  
2
2 1( , ) (1 g ( , ) )g g t A g tβ= +
         Eq. 1 
where t is the decay time, A is a measured baseline, β is the coherence factor, and 1g ( , )g t is the normalized 
first-order electric field time correlation function related to the measured relaxation rate Γ according to Eq 2: 
  
2 ( , ) ( )t tg q t e G e d−Γ −Γ= = Γ Γ∫
        Eq. 2 
Deconvolution of the measured intensity autocorrelation was achieved by the software. For a pure diffusive 
relaxation, Γ is related to the translational diffusion coefficient D at q→0 and c→0 according to Eq 3:   
  D=Γ/q2           Eq. 3 
The hydrodynamic radius Rh is calculated by the Stokes-Einstein equation as / 6h BR k T Dµη=   
with q, kB, T and η being scattering vector, the Boltzmann constant, absolute temperature, and the solvent 
viscosity, respectively. The hydrodynamic radius distribution was calculated from the Laplace inversion of g1(t) by 
using the CONTIN procedure.  
Differential Scanning Calorimetry (DSC). DSC measurements were carried out on a Netzsch DSC 204 
differential scanning calorimeter under a nitrogen atmosphere. Samples were measured in closed aluminum pans 
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using approximately 10 mg of sample, and the measurement were performed -80 and 120 oC. The heat flow was 
determined as a function of temperature, and the data was analyzed by Netzsch Proteus Software. 
Wide-Angle X-Ray Scattering (WAXS). WAXS analyses were done using an Empyrean setup from PANalytical. 
A Cu x-ray tube (line source of 12×0.04 mm2) provided CuKα radiation with λ=0.1542 nm. The Kβ line was 
removed by a Ni filter. Source and detector moved in the vertical direction around a fixed horizontal sample. After 
passing a divergence slit of 1/8o and an anti-scatter slit of 1/4o, the beam reached the sample at the center of a 
phi-chi-z stage. In the Bragg-Bretano geometry used, the beam was refocused at a secondary divergence slit of 
1/4o. Finally, the signal was recorded by a pixel detector (256×256 pixels of 55 µm) as a function of the scattering 
angle 2θ. Subsequently, the peak positions were calculated from q=2π/d=(4π/λ)sinθ, in which q is the scattering 
vector. The detector was used in a scanning geometry that allowed all rows to be used simultaneously. 
To reduce the background, the divergent beam perpendicular to the scattering plane was controlled by a mask of 
4 mm restricting the width of the beam at the sample position to about 10 mm. In addition, the perpendicular 
divergence was restricted by soller slits to angles ≤ 2.3o. 
For each new measurement, the height of the (powder) sample was optimized. Scans were made with 2θ, the 
detector axis, moving at twice the rate of the θ-axis of the incident beam. The calibration was checked using a Si 
reference sample.  
4.3. Results and Discussion. Six-armed star type PEG homopolymer (core; dineopentyl ether, from Sigma 
Aldrich, Germany) and six-armed star type poly(EO-stat-PO) copolymers (core; sorbitol, from DOW chemicals, 
Netherlands) with similar molecular weights (both reported having Mw of ~ 18 kDa) were obtained. SEC analysis 
of the prepolymers over linear PMMA standards, however, revealed that the copolymer has a PDI of 1.06 and Mw 
of 24.9 kDa while the corresponding values for PEG homopolymer are 1.13 and 25.7 kDa, respectively (Figure 
S1, Supporting Information). Those values are relatively higher than the stated values for both polymers because 
of differences in SEC standards, but the results coincide with their comparable molecular weights. At first glance, 
they are differed with their material states; star PEG homopolymer is white solid, however, sP(EO-stat-PO) is a 
colourless viscous liquid. 1H-NMR analysis revealed that the ratio of ethylene oxide to propylene oxide is 5.3 for 
the copolymer (see Supporting Information, Fig S2), and 13
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is atactic (Figure 1), which is characterized by a random steric orientation of methylene groups on the tertiary 
carbon atoms.   
The chemical structure of the copolymer was investigated by 13C-NMR to elucidate the sequential distribution and 
particularly the triad occurrences, which give evidence of the statistical distribution of the monomers. 13C-NMR 
spectrum of the resonance region associated with methylenic carbons belonging to EO-centered triads shown in 
Figure 1, and the respective assignments of all carbons were described in Table 1. Other resonances, which are 
not relative to an E central unit, were in an E-centered triad, particularly the a-PPE* expected in the peak 3. 
Nevertheless, if considering the reactivity ratios and the composition of the feed used in the synthesis, its relative 
intensity must be quite small. The peaks- and b-PEP at 68.56 ppm (that could arise from an irregular addition 
mode H-H or T-T) can be neglected; therefore, the contribution of a- and b-PEP to peak 3 can also be ignored. 
 
Figure 1. 13C-NMR spectrum of sP(EO-stat-PO) in CDCl3. 
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Table 1. Assignments of the 13C-NMR peaks relative to the E-centered triads. 
Peak δ (ppm) Centered triads Terminal triads 
1 71.00 b-PEP  
2 70.86 b-PEE b-PEP* 
3 70.77 
b-EEP 
(a+b)-PEP 
 
4 70.60 a-EEE + b-EEE + a-EEP 
b-PEE* a-EEE* a-EEP* b-EEP* 
bEEE* 
 
5 68.56 a-PEE a-PEP a-PEE* a-PEP* 
Calculation of the E-centered triads performed as described in Supporting Information and the respective 
calculated data presented in Table 2. The value µ refers to the degree of deviation from a perfectly random 
(Bernoulli) statistics. If µ >1 denotes to block tendency, if otherwise, meaning, µ < 1 shows the alternation 
tendency. The value µ remains around 0.16, suggesting the statistical character of the monomer units sequence 
distribution. 
Table 2. Distribution of the E-centered triads and the average sequence length of the EO and PO units.  
 EEE PEP EEP + PEE n(E) n(P) µ 
sP(EO-stat-PO) 71.5 1.50 27 1.85 0.353 0.16 
Viscosity of a polymer refers a measure of the frictional forces acting on the molecule and thereby, directly linked 
with the molecular weight, persistence length, and the intermolecular forces along the polymer chain. Since the 
sPEG is a white powder, rheological analysis at bulk state for homopolymer was not performed. The viscosity of 
the star-shaped molecules was thus explored in aqueous solutions through rheological analysis. Both polymers 
are low viscous molecules having viscosities lower than 10 Pa.s. Figure 2 shows viscosity sweep of the stars in 
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the water at various concentrations, showed similar shear thinning behaviour started at the shear rate (γ) of 0.1 s-
1 for both polymers. Changing the concentration of homopolymers caused slight variations on zero-shear viscosity 
(ηo) while more notable changes in infinite viscosity (η∞) were observed (see inset, Figure 2). The temperature-
dependent viscosity sweeps of the homopolymer at 250 mg/mL revealed substantial increase in η∞ at lower 
temperatures due to weakening of the intermolecular forces with higher temperature as commonly seen in 
associated polymers. 
 
Figure 2. (Top row) Viscosity sweeps of aqueous solutions of star-type PEG homo (diluted) and copolymers 
(melt). T = 25 oC. Inset corresponds to changes in ηo and η∞ as function of sPEG concentration. (Bottom row) 
Temperature-dependent viscosity sweeps of sPEG at various temperatures, and ηo of both stars as a function of 
temperature.  
The cluster formation is generic for PEG systems, driven by hydrogen bonds with hydrophilic oxygen part (-O-) of 
PEG with water molecules together with hydrophobic interactions among the ethylene (–CH2-CH2-) domains. 
Previous studies showed that the formation of clusters could be avoided with the addition of chloroform; however, 
clusters are reformed once the chloroform is removed. Hydrodynamic radii of both stars were investigated in 
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water by DLS at the angle of 173o, revealed the coagulation of both stars, forming clusters with a hydrodynamic 
diameter of ~100 nm, while the sizes of the single molecules were in the range of 7-9 nm. Copolymer is 1-2 nm 
smaller than  
 
Figure 3. DLS-size distribution spectra of both stars in the water at dilute regimes. c = 10 g/L at T = 25 oC. 
homopolymer due to the possible interactions between propylene oxide (PO) blocks in the sP(EO-stat-PO). 
Those values are smaller than actual sizes of the molecules, suggesting their coil-globule structure with the 
retraction of the arms to the star core. The clusters are interestingly ca. 13-15 folds of the single molecule sizes. 
Size and the polydispersity of the clusters are linked with the structure of the PEG molecule; i.e., PEG 
homopolymer has low PDI and forming clusters having low polydispersity than the homopolymer. 
Phase behaviour of both polymers in water was studied with transmittance experiments. The copolymer 
dispersion became turbid at higher concentration, showing a minimum transmittance at ca 25 wt-%. The solution 
then became again transparent with further increase of concentration. This is most probably due to fact that the 
solubility of the copolymer significantly decreases, while the homopolymer was still soluble in the respective 
concentration range.  
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Figure 4. Transmittance analysis of the aqueous dispersions of the polymers at the wavelength of 500 nm. T= 25 
oC. 
 
Figure 5. WAXS patterns of star-type PEG homopolymer and copolymer indicated. 
The configurations of both stars were studied by wide-angle X-ray diffraction analysis. Figure 5 shows the XRD 
patterns of the star molecules revealing noteworthy differences in the region 2θ of 15-40o. XRD spectrum of 
homopolymer exhibited highly crystalline peaks at 19.0o (d-spacing ~ 4.67 Å) and 23.31o (d-spacing ~ 3.81Å) 
along with other small peaks at ~14.5o and 26o, while sP(EO-stat-PO) showed a broad peak appeared at 2θ  of 
20o (d-spacing ~ 4.44 Å) showing amorphous state of the prepolymer. This is typical XRD spectra for PEG, 
revealing its helix conformation within the monoclinic unit cell of dimension; a= 8.16 Å, b=12.99 Å, and c (fiber 
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axis) = 19.30 Å.10, 11 Thus, the configuration of PEG crystal in its original state is a 7/2 helix, with a tgt (t:trans, 
g:gauche) configuration repeated for O-C, C-C and C-O bonds, and the configuration under stretch condition 
changes to a planar zigzag with ttt conformation.11, 12 XRD pattern of the copolymer evidences the random 
composition of EO and PO, with the absence of long block segments as revealed by the compositional analysis 
via NMR. In that context, poly(propylene oxide)-poly(ethylene oxide)-poly(propylene oxide) triblock copolymer 
was previously studied by XRD analysis, showed sharper crystalline peaks appeared similar to the 
homopolymer.13 This fact is also associated with the material state form since the sPEG is powder driven by high 
crystallinity, whereas the copolymer is liquid, suggesting the amorphous state having low viscosity and random 
distribution of PO domains. 
The configurations of both stars in water were investigated through WAXS analyses, presented similar 
amorphous phase of the stars at diluted conditions (Figure S3). This means that the interactions with water 
molecules, possibly hydrogen bonds, which drive transformation of crystalline into the amorphous configuration. 
 
Figure 6. DSC spectra of homo and copolymer stars indicated. Upper row denotes DSC spectra for melt states, 
while the bottom row shows DSC spectra for their aqueous solutions at 50 wt-%. 
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To elucidate crystallinity and phase behaviour of both polymers, DSC analyses were performed as cooling and 
heating cycle in the region of -80 and 100 oC. Figure 6 showed DSC spectra for both polymers as bulk and diluted 
(50 wt-% in water) states. The homopolymer showed a sharp thermal melting peak appeared at 60.3 oC with a 
corresponding melting enthalpy, mH∆ = 231.6 J/g during heat, and during the cooling; the crystalline temperature 
(Tc) appeared at 35.6 oC ( cH∆ = 208.7 J/g). The sample did not show any noticeable peak in the region of -70 to 0 
oC, associated with the glass transition temperature and the cold-crystallization of bound water. However, the 
sP(EO-stat-PO) showed a sharp glass transition at -65 oC (Tg) and the cold crystallization of bound water at -33.5 
oC (Tcg)  during the cooling process. At the heating, the glass transition was observed at -65 oC, and the melting 
of bound water at 0 oC, and no peak related with crystallinity could be detected between 0 to 100 oC, showing that 
the sample is not anymore crystalline. The degree of crystallinity Xc for the homopolymer calculated after 
appropriate treatment from the following equation; 
 
0
f
c
f
H
H
∆
Χ =
∆
          (1) 
Where fH∆ is the heat of fusion per mass of PEO and 
0
fH∆
 that of the perfectly crystallized PEO: 
0
fH∆
 ~ 203 J/g. 
Xc was found to ca. 1 showing that the homopolymer consists of crystalline PEO segments while the copolymer 
has 23% crystalline segments arising from the cold-crystallinity of prepolymers peak, which appeared at -33.5 oC.  
 The phase behaviour of the samples at diluted states having concentrations of 50 wt-% in water was 
investigated (See Figure 6, bottom panel), and the crystalline peak of the homopolymers was disappeared, while 
the peak of cold-crystallization of bound water appeared as doublet at -37 oC. The melting of the bound water at 0 
oC was again observed as doublet. First peak is due to the fact that the melting of free water and followed by 
melting of the polymer hydrate. In the case of diluted copolymer system, a single peak of cold-crystallization of 
bound water and the melting bound water at the same regions were observed, while the glass transition is still 
distinctive at -67 oC.  
4.4. Conclusions. In this communication, we studied six-armed star type PEG homo and statistical copolymer 
(sP(EO-stat-PO)) molecules with comparable molecular weights over viscosity, phase behaviour, conformation 
and the cluster formation of the prepolymers. Both stars showed similar viscosity behaviour, however, they are 
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differed in conformation and phase behaviour. DSC analysis of the homopolymer displayed high crystallinity and 
confirmed by WAXS analyses while the copolymer is shown to be amorphous. DLS studies revealed both 
prepolymer form clusters with similar sizes but the polydispersity of the clusters varied with the PEG used. The 
solubility of the copolymer significantly decreased at high concentrations (ca. 25 wt-%), while the homopolymer 
was still soluble in this concentration. With this study, understanding of the both stars gives us hints for the 
influence of incorporated PO domains in random distribution even at very low ratio (~16%) can create significant 
differences in material properties, particularly on their crystallinity and their solubility in water at higher 
concentrations.  
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Supporting Information for Chapter 4 
 
 
Figure S1. SEC elugrams of the star-type copolymer (left) and homopolymer (right). Standards are linear 
PMMAs.  
 
 
 
Figure S1.1H-NMR of sP(EO-stat-PO) of 18 kDa in CDCl3 solvent after drying at high vacuum for 6 h.  
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Figure S3. WAXS patterns of star-type copolymer and homopolymer in water.  
Determination of Chemical Composition of sP(EO-stat-PO) Copolymer. Integrals of NMR peaks are as 
follows. 
1I b PEP= −   
2I b PEE= −   
3I b EEP= −   
4 ( ) * *I a b EEE a EEP b PEE a EEE= + − + − + − + −   
5I a PEE a PEE a PEP= − + − + −   
 Since * *a PEE b PEE− = −   and a PEE a EE− = −  because of the triad reversibility: 
4 5 1( ) ( ) *I a b EEE a b EEE I I= + − + + − + −   
 The number of each E-centered triad was calculated as follow:  
 
4 1 7
2
1
( *) 0.5( )
(EEP ) 2
( )
EEE EEE I I I
PEE I
PEP I
+ = + −
+ =
=
  
I1 = 0.0148 
I2 = 0.066 
I3 = 0.074 
I4 = 0.769 
I5 = 0.074 
 P(E) = 0.84 
P(P) = 0.16 
I(E) = 0.5 
Chapter 4 – Comparative Insights into Star Type PEG Homopolymers and Copolymers 
 
67
I =0.595 
P(PEP) = 0.336 
P(EEP) = 0.117 
P(EEE) = 0.587 
P(EE) = 0.704 
P(EP) = 0.453 
P(E/P) = 2.83 
P(P/P) = 1.83 
P(P/E) = 0.539 
P(E/E) = 0.461 
µ = 0.461/2.83 = 0.162 
η(E) =1.85 & η(P) = 0.353 
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Chapter 5 
End-Reactive Star-Type PEG Copolymers for Biomedical 
Applications 
Star polymers having a compact structure and multiple functionalities exhibit intrinsic properties, which are 
significantly different from their linear analogues. End-group modification of such molecules can induce 
interesting perspectives for a broad-spectrum of applications, such as nanogels, hydrogels, or functional coatings. 
In the present study, star-type copolymers consisting of ethylene oxide and propylene oxide (EO/PO) with a ratio 
of 5.3 and the molecular weight of 18 kDa with various reactive end groups (e.g., maleimide, vinyl sulfone, allyl, 
alkyne, succinimide carbonate, ethyl chloride, carboxylic acid, acrylate, aldehyde and silyl) were synthesized. A 
surface coating application of the end-functional star molecules was shown using acrylate and succinimide 
carbonate terminated sP(EO-stat-PO)s, and the coatings were evaluated over cell adhesion experiments. These 
copolymers have a high potential for the preparation of functional material constructs at various length scales due 
to their branched structure with appropriate terminal groups offer ideal platforms as being alternative to PEG 
homopolymers. 
Keywords. Star PEG, synthesis, copolymer, PEGylation, statistical polymers 
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5.1. Introduction. The interest in star polymers presenting various arms has been increased in the last decade 
due to their remarkable properties that vary with terminal groups and as well as with arm number or length. They 
have attracted considerable attention across multiple fields of chemistry, bioengineering and physics for the 
design of functional material constructs.1 The end-group modification of such polymers can create interesting 
perspectives for a wide range application, including surface coating and hydrogel/nanogel design.2-4 Star 
polymers with a poly(ethylene glycol) (PEG) backbone are particularly important in bioapplications and the 
development of  novel biomaterials due to their well-documented biocompatibility driven by its inert structure, 
together with suitability for further chemical modifications for the specific conversion of a hydroxyl moiety with 
reactive functional groups.5,6  
 
Scheme 1. A schematic diagram of the prepared end-group functionalized star-type poly(EO-stat-PO) molecules 
with their primary reactivities. 
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PEG (also called poly(ethylene oxides) (PEO) for molecular weights higher than 20 kDa) is a unique and versatile 
synthetic polymer.7 The backbone strongly does hydrogen bonds with water molecules, rendering the molecule 
considerably inert to biological systems.8 However, PEG has some remarkable drawbacks, such as lower critical 
solution temperature (LCST), high crystallinity and metal-ion complexation due to spatial configuration of the 
structure and intermolecular forces. In that context, many attempts were already done to diminish those 
shortcomings by incorporating the second monomer (e.g., propylene oxide, lactic acid, caprolactone, etc.). In 
recent publications, we have shown end-reactive star-type PEG copolymers of ethylene oxide and propylene 
oxide linked in a statistical array are efficient prepolymers for the fabrication of biofunctional surfaces and as well 
as for hydrogel and nanogel preparation.8-11 A particular advantage of these functional stars bearing isocyanate 
group is the ultrafilm 3D formation from aqueous solutions with simultaneously covalently bonded to the substrate 
and followed by covalent tethering of other functional molecules, such as drugs, cell-binding peptide ligands, and 
proteins for biomedical applications.2,12,13  
Multi-functionality of star structure, of which the end groups can be functionalized either with identical groups or 
with different reactivities, allows multifunctional platforms for various applications. Because of their potential 
applications in biomedical field, there are a certain number of chemical functionalities that are of particular interest 
for bio-related applications. Among them, some of important ones are maleimide, aldehyde, and vinyl sulfone. 
These reactive groups are available for a wide range of chemical reactions or PEGylation; e.g., click reaction 
between alkyne and azide group14 or Michael addition between maleimide groups with thiol.15 In the present 
study, star-type molecules terminated with various reactive end groups (maleimide, vinyl sulfone, allyl, alkyne, 
succinimide carbonate, ethyl chloride, carboxylic acid, acrylate, aldehyde and silane) were synthesized (Scheme 
1) and an illustrative example of the functional star molecules for surface coatings were presented. 
5.2. Experimental Section. 
Materials. All solvents; dimethylformamide (DMF), chloroform (CDCl3), dichloromethane (DCM), acetonitrile 
(ACN), dimethyl sulfoxide (DMSO), and tetrahydrofuran (THF) were purchased in analytical grade over molecular 
sieve from Sigma Aldrich (Germany) and used as received. 
Sodium hydride (NaH, 60% dispersion in oil), sodium chloride (NaCl), sodium carbonate (Na2CO4) and petroleum 
ether were obtained from Merck Chemical Company (Germany). Anhydrous pyridine (py), anhydrous magnesium 
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sulfate (MgSO4), 3-(triethoxysilyl)propyl isocyanate, N, N´-dissuccinimide carbonate (DSC), triethylamine (TEA, 
anhydrous), 2-chloroethyl isocyanate (low HCl, 97%), allyl bromide, propargyl bromide, 4-maleimidophenyl 
isocyanate (PMPI), and diethyl ether were purchased from Sigma Aldrich (Germany). Succinic anhydride (Across 
Organics, Germany), acetic anhydride (Analar Normapur, Germany), and 2-chloroethylsulfonyl chloride (Alfa 
Aesar, Germany) were used as received.  
All reactions were carried out in a nitrogen atmosphere. Nitrogen was purchased from Linde and passed over 
molecular sieves (4 Å). 
Synthesis of Star-Type Copolymers. The synthesis of sP(EO-stat-PO) prepolymers was performed at DOW 
Company according to the following procedure. Sorbitol (Sigma Aldrich) was evacuated three times at 100 mBar 
under N2 atmosphere, and then it was melted with heating to 110 oC. KOH 50% (13.68 mol % KOH) was added, 
and the system was twice filled with N2. The mixture was distilled at 110 oC and 90 mBar for 1 h, and afterwards, 
the reactor was heated to 120-130 oC and ethylene oxide (EO) (Chemigas, technical) and propylene oxide (PO) 
(Chemigas, technical) with a ratio of 80/20 was slowly transferred. The reaction during alkoxylation was held at 
125-130 oC under N2 atmosphere. After completion of the injection of EO and PO, the reaction was further 
incubated at the same temperature for one more hour. The reaction was cooled to 50 oC and stirred at 100 mBar. 
While cooling the system, the reaction was kept under N2 atmosphere. After desalination with magnesium silicate, 
the product was separated with a filter-press.  
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 7.25 
(CDCl3). 13C-NMR (100 MHz, CDCl3): δ/ppm = 77.44, 77.12, 76.80, 75.20, 75.01, 70.87, 70.77, 70.60, 68.56, 
17.29. 
SEC (over linear PMMA standards): Mw=25 500 g.mol-1, Mn=22 000 g.mol-1, D=1.045 
Synthesis of Maleimide Terminal sP(EO-stat-PO). The hydroxyl-terminated sP(EO-stat-PO) was dried 
thoroughly for 6 h at 80 oC under the pressure of 10-2 mbar. Under nitrogen atmosphere, the sP(EO-stat-PO) (0.5 
g, 0.0277 mmol) was diluted in 1.5 mL anhydrous DMF, a solution of 50 mg (0.23 mmol) 4-(maleinimido)phenyl 
isocyanate (PMPI, %97) in 1.5 mL anhydrous DMF was added. The mixture was stirred at 60 oC for 2 d under N2 
atmosphere, and then the product was precipitated twice in cold ether (anhydrous) and stored 1 h at -20 oC. Ether 
was removed under the high vacuum, and a high viscous liquid with yellowish color was obtained at 89% yield.  
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1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189 H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 6.55-
6.97 (s, 12 H of CH2-CH2), 7.25 (CDCl3). 
Synthesis of Vinyl Sulfone Terminal s(EO-stat-PO). The sP(EO-stat-PO) and anhydrous triethylamine (TEA) 
were dissolved in DCM and cooled to 0 oC. Afterwards, 2-chloroethylsulfonyl chloride (CESC) was added, and the 
solution warmed up to room temperature while stirring for 1 h. Excess of the solvent decreased with rotavap and 
the product was precipitated in cold ether three-times. After removal of the ether, highly viscous brownish liquid 
was obtained.  
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189 H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 6.05-
6.10 (t, 6H of CH-CH2), 6.36-6.41 (d, 6H of CH-CH2), 6.79-7.00 (m, 6H of CH-CH2), 7.25 (CDCl3). 
Synthesis of Allyl Terminal sP(EO-stat-PO). The sP(EO-stat-PO) (0.27 mmol) was mixed with NaH (60%, 6.5 
mmol) in 20 mL anhydrous DCM under N2 atmosphere at RT for 2 h, and then allyl bromide (80%, in toluene) (6.5 
mmol) was added and the mixture was mixed for 6 h. The solvent was removed by the rotavap. The product was 
precipitated three times in diethyl ether and then dried at high vacuum. The product was obtained at 91% yield. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189 H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 6.55-
6.97 (s, 12 H of CH-CH), 7.25 (CDCl3). 
Synthesis of Alkyne Terminal sP(EO-stat-PO). The sP(EO-stat-PO) (5 g, 0.277 mmol) was mixed with NaH 
(60%, 6.5 mmol) in 20 mL anhydrous THF under N2 atmosphere at RT for 90 min, and then propargyl bromide 
(80% in toluene) (6.5 mmol) was added, and the solution mixed for 24 h. The solution was filtered, and the 
rotavap is used to remove solvent. Product was extracted with water-dichloromethane. Water was removed by 
anhydrous MgSO4 and then by filtration. The product was precipitated several times in petroleum ether and then 
dried at high vacuum (10-2 mbar). The product was obtained at 70% yield as colorless. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189 H, CHCH3), 2.45 (m, H of CCH), 3.2-3.6 (m, 1548 H, 
CH2CH2OCHCH2), 7.25 (CDCl3). 
Synthesis of Succinimide Carbonate Terminal sP(EO-stat-PO). The dried sP(EO-stat-PO) (10 g, 0.027 mmol) 
was dissolved in 40 mL anhydrous acetonitrile (ACN), and then mixed with anhydrous pyridine (0.0538 mL, 4-fold 
of OH of the sP(EO-stat-PO)) and N,N´-dissuccinimidyl carbonate (DSC) in ACN (0.17 g, 4-fold of OH of the 
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sP(EO-stat-PO)). After 16 h reacting under nitrogen atmosphere, the solvent was removed by the rotavap. The 
high viscous solution was re-dissolved in anhydrous DCM and filtered to remove unreacted DSC. Afterwards, 
acetate buffer (0.1 M, pH 4.5, 15% NaCl) was used for the phase transition. The organic phase was collected and 
dried with anhydrous magnesium sulfate (MgSO4). After filtration, the solvent was removed under high vacuum 
(10-2 mBar) at ambient temperature, and the product was obtained as a high viscous colorless liquid at 91% yield.  
1H-NMR (d6-DMSO, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 2.5 (s, d6-DMSO), 2.77 (s, 10 H of CH2-
CH2), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2). 
Synthesis of Ethyl Chloride Terminal sP(EO-stat-PO). The sP(EO-stat-PO) (10 g) was dissolved in dry toluol 
(40 mL), and 1.85 mL TEA and 2-chloroethyl isocyanate were added. The mixture was stirred at 70 oC for 48 h 
under inert atmosphere. After the precipitation of the final solution in cold ether, and solvent was removed at high 
vacuum (10-2 mBar), the product was obtained as colorless liquid with 97 % yield. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 7.25 
(CDCl3). 
Synthesis of Carboxylic Acid Terminal sP(EO-stat-PO). The sP(EO-stat-PO) (2 g, 0.11 mmol) was dried via 
azeotropic distillation with toluene. Then, succinic anhydride (0.335g), pyridine (as the catalyst, 0.266 mL), and 
DCM (20 mL) was added under nitrogen atmosphere and stirred for 2 h at 75 oC. DCM and benzene were 
removed at high vacuum. The product was obtained with 95% yield as colorless high viscous solution, and the 
conversion was analyzed using 1H NMR. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 2.52 (m, 24 H, CH2-CH2), 3.2-3.6 (m, 1548 H, 
CH2CH2OCHCH2), 7.25 (CDCl3).  
Synthesis of Acrylate Terminal sP(EO-stat-PO). The hydroxyl terminated sP(EO-stat-PO) were dried by 
azeotropic distillation at 80 oC in dry toluene, and then under nitrogen atmosphere, 0.4 g (1-3 equiv) of acryl 
anhydride was slowly added to a mixture of 5.0 g of star PEG prepolymer and 0.3 mL (1.5 equiv) of water free-
pyridine in toluene. The resulting mixture was stirred for 12 h at room temperature. After removal of the solvent 
and pyridine, the crude product was dried at room temperature for overnight at 10-3 mBar. Unreacted acrylic 
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anhydride was separated from the product by washing with diethyl ether for three times. The purified product was 
dried overnight at 10-3 mBar, and 1H NMR analysis verified the purity of the product. 
1H NMR (d6-DMSO, 400 MHz): δ/ppm = 1.01-1.13 (m, 189 H, CHCH3), 2.5 (s, d6-DMSO), 3.2-3.6 (m, 1548 H, 
CH2CH2OCHCH2), 4.24-4.48 (m, 2H, R-CH2-O-CO-C2H3), 5.80-5.88 (m, 1H, R-O-CO-CH=CH2, cis), 6.05-6.20 
(m, 1H, R-O-CO-CH=CH2), 6.36-6.48 (m, 1H, R-O-CO-CH=CH2, trans) 
Synthesis of Aldehyde Terminal sP(EO-stat-PO). The sP(EO-stat-PO) (0.11 mmol) was diluted in 20 mL 
anhydrous DMSO and acetic anhydride (6.60 mmol). The mixture was stirred at 50 oC for 16 h. After removing 
excess of DMSO at high vacuum at 50 oC, the product was precipitated twice in cold ether. Ether was removed 
by high vacuum (10-2 mBar) and the product was obtained at 87 % yield with colorless. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 7.25 
(CDCl3),  9.5 (s, 10H C-H).  
Synthesis of Silyl Terminal sP(EO-stat-PO). Hydroxyl terminated sP(EO-stat-PO) was dried at 80 oC under the 
high vacuum (at 10-2 mBar). sP(EO-stat-PO) (10 g) was dissolved in dry toluol and 1.85 mL TEA, and 3-
isocyanatotriethoxysilane were added and the mixture was stirred at 70 oC for 48 h under inert atmosphere. After 
precipitating in cold ether and the removal of solvent at high vacuum (10-2 mBar), the product was obtained as 
colorless liquid with 92 % yield. 
1H-NMR (CDCl3, 400 MHz): δ/ppm = 1.01-1.13 (m, 189H, CHCH3), 3.2-3.6 (m, 1548 H, CH2CH2OCHCH2), 7.25 
(CDCl3).  
Methods of Analysis. 1H-NMR spectra were recorded at room temperature on a Bruker DPX-400 FT-NMR 
spectrometer at 400 MHz, respectively. Deuterated chloroform (CDCl3) and deuterated dimethyl sulfoxide 
(DMSO-d6) were used as solvents, and tetramethylsilane (TMS) served as an internal standard. 
Size exclusion chromatography (SEC) was performed at 30 oC using a high-pressure liquid chromatography 
pump (Knauer K-1001 Wellchrom) with a dual RI-/Visco detector (WGE ETA 2020). The eluent was DMF 
(optigrade, Promochem) with 1 mg/mL LiBr, and a flow rate of 1.0 mL/min was used. Four columns with PSS 
GRAM gel were applied. The length of each column was 300 mm and diameter 8 mm, and the nominal widths of 
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the gel particles were 30, 100, 1000, and 3000 Å. Narrow distributed poly(methyl methacrylate) standards were 
used for calibration, and the results were evaluated using the PSS WinGPC Unity software. 
FT-IR measurements were recorded out on a NEXUS 470 FT-IR of Thermo-Nicolet with a spectral resolution of 4 
cm-1 on KBr. 
Surface Modification Experiments.  
Gas-Phase Aminosilylation. Glass slides (diameter, Ø, 15 mm, VWR International GmbH (Germany)) were 
cleaned using an ultrasonic bath in ethanol for 15 min followed by sequential rinsing with distilled water, acetone, 
isopropanol and finally drying under nitrogen stream. Activation of the surfaces was achieved by the treatment 
with UV/ozone system for 30 min at 5 mBar. After that step, contact angles of the substrates were below than the 
detection limit (<11o). The substrates were then used for aminosilylation. Amino-functionalization of the surfaces 
was performed through a gas-phase silylation in desiccator using 3-aminopropyl-trimethoxysilane (100 µL) at 5 
mBar for 1 h, and after removal of the silane molecules, slides were kept at high vacuum (~10-2 mBar) one more 
hour to remove any unreacted silanes 
Surface Coating. Acrylate or succinimide carbonate terminated sP(EO-stat-PO)s (Mn = ~18 kDa; PDI = 1.15) was 
dissolved in dry, and then the solution was mixed with millipore water, and kept for 5 min and then dropped by 
filtering with 0.2 μm syringe filters onto amino-functional surfaces, and the slides were incubated for overnight to 
complete the cross-linking reactions. Thereafter, unreacted prepolymers were removed by intensive washing with 
water, and the surfaces were dried under stream of nitrogen and stored in closed well plates until further use. 
5.3. Results and Discussion. Hydroxyl terminated star-type copolymers were synthesized by ionic 
copolymerization of propylene oxide (PO) and ethylene oxide (EO) at high temperature under inert atmosphere 
(Figure 1). The 1H-NMR assignments were given for the sP(EO-stat-PO) in CDCl3 revealed that the protons 
originating from methyl groups of PO at 1.1 ppm and the backbone protons of EO and PO in the region of 3.2 - 
3.8 ppm. The ratio of both peaks was confirmed as the proportion of EO and PO resulted in 5.30.  
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Figure 1. Synthesis pathway of the sP(EO-stat-PO) prepolymer by ionic polymerization of PO and EO and 1H-
NMR of the hydroxyl terminal sP(EO-stat-PO) in CDCl3.  
End-Group Modification of The sP(EO-stat-PO) Macromers. The number of the functionalized end groups was 
determined over the comparison of the integral arisen by methylene protons of PO (I5) (Figure 1). For the exact 
determination of the repeating units of propylene oxide the molar ratio of ethylene oxide and propylene oxide (x/y) 
is calculated (Equation 1) as already described by Schreiber et al.16 Therefore, the integrals of the CH3- (I5) and 
the CH2-, CH-group (I6-8) of the sP(EO-stat-PO) molecule are determined from the 1H-NMR. Using of Equation 1 
results in the molar ratio x/y.  
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With this equation and taking into account that b=a(y/x) the number of repeating units of the CH3 group are; 
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The characterization of sP(EO-stat-PO) by using the NMR integrals of the CH3, CH2 and CH-groups and the 
equations named above result in 63 repeating units of propylene oxide. By this mean, all CH3-groups of the 
propylene oxide-repeating units have 189 hydrogen atoms.  
 
Scheme 2. Synthesis routes for various end-reactive sP(EO-stat-PO) molecules.   
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End hydroxyl groups of the prepolymer can be transformed into different functionalities using chemistries shown 
in Scheme 2. The schematic preparation pathway of the sP(EO-stat-PO) having maleimide terminal group were 
shown in Scheme 2 (1). To obtain maleimide terminal prepolymer, the prepolymer was functionalized with 4-
maleimidophenyl isocyanate (PMPI) in anhydrous DMF at 60 oC for 2 day. The reactivity of the isocyanate 
towards hydroxyl group of the sP(EO-stat-PO) in anhydrous environment yielded maleimide end-capped star 
molecules. 
 
Figure 2. 1H NMR spectra in CDCl3 of maleimide-terminal sP(EO-stat-PO) (a) and vinyl-sulfone terminal sP(EO-
stat-PO) (b). 
Figure 2 (a) shows the 1H-NMR spectrum of maleimide terminal sP(EO-stat-PO). The characteristics signal at 
6.77(s) resulting from protons of double bond of the maleimide ring, and the complete disappearance signal of 
hydroxyl groups at 2.85 ppm prove maleimide-terminated sP(EO-stat-PO). When the integral I5 assigned to the 
total proton number resulting from CH3 group propylene oxide unit, a direct correlation with the value of the 
integral of the double bond of 4-(maleimide)phenyl isocyanate and the integral I1 results in the number of protons 
(H) of the double bonds of maleimide. The respective integral gives the value of 12.30, showing all maleimide-
groups are bound to the sP(EO-stat-PO). FT-IR analysis also proved the end-group conversion of the hydroxyl 
groups with the maleimide. The characteristics peak of the carbonyl group at maleimide terminal side appeared at 
1720 cm-1 and as well as well phenyl aromatic ring at 1600 cm-1 (Figure S1, Supporting Information). To obtain 
the vinyl sulfone terminated prepolymers, hydroxyl terminal groups were treated with 2-chloroethylsulfonyl 
chloride in dichloromethane (DCM) using triethylamine (TEA) as a base catalyst. Figure 2 (b) shows 1H-NMR of 
vinyl sulfone terminated sP(EO-stat-PO) molecules, where the hydrogen signals related with unsaturated double 
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bond of the end group appeared in the region of 6-7 ppm. The corresponding ratios of protons assigned all arms 
of hydroxyl showed the successful end-capping of vinyl sulfone groups. 
 
Figure 3.  1H NMR spectra in CDCl3 of allyl (a) and alkyne terminal sP(EO-stat-PO)s (b). 
Allyl terminal star molecules were synthesized by treating protonated end hydroxyl groups with allyl bromide. The 
respective 1H-NMR spectrum of the product was shown in Figure 3 (a), in which the protons of the methyl group 
connected to double bond appeared at 2.5 ppm and the corresponding integral ratios revealed the successful 
formation of allyl rearrangements. Two-step reaction is used to for the preparation alkyne terminated prepolymers 
(Figure 3 b). First, the terminal OH groups were activated with NaH, and then, addition of propargyl bromide 
solution resulted in the replacement of alkyne group. From 1H NMR analysis of the resulting product, the proton 
signals of the alkyne moiety were appeared at two triplets at δ 2.5 ppm as two triplets and 4.20 ppm as two 
doublets. The conversion rate of alkylation was found as 100 %, suggesting end conversion of all arms with 
alkyne.  
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Figure 4. 1H NMR spectra of succinimide carbonate (a) and ethyl chloride terminal sP(EO-stat-PO)s (b). 
Succininic carbonate terminated sP(EO-stat-PO) prepolymers were synthesized using N,N´-dissuccinimidyl 
carbonate (DSC) in ACN for 16 h at RT under inert atmosphere yielded succinimide carbonate terminated 
prepolymers (Figure 4a). The characteristic peaks of the protons of succinic group appeared at 2.8 ppm and the 
ratio of the corresponding integral showed that 4.5 arms are decorated with succinic anhydride moieties.  Ethyl 
chloride terminated prepolymers were easily synthesized through basic chemistry between reactive NCO with OH 
groups in the presence of base catalyst TEA at 70 oC for 48 h under continuous stirring. Ethyl protons attached to 
terminal Cl atoms appeared at doublet in the region of 7.30-7.55 ppm and the ratio of the integrals of the 
respective protons revealed that all arms were functionalized with ethyl chlorides (Figure 4b). Furthermore, SEC 
analysis also supports the molecular weight difference ~ 594 g/mol that almost meet the theoretical molecular 
weight difference (i.e., 630 g/mol).  
 
Figure 5. 1H NMR spectrum of carboxylic acid terminated (a) and silyl terminal sP(EO-stat-PO) (b). 
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The incorporation of carboxylic acid to the hydroxyl-terminated prepolymers was succeeded through the ring 
opening reaction of succinic anhydride in DCM at 75 oC for 18 h (Scheme 1 (5)). The reaction of succinic acid 
with PEG is rather slow and thus, a catalyst need to be used.17 After 18 h at 75 oC in the presence of pyridine as 
a catalyst, the reaction yielded to the carboxylic acid-terminated star PEG with a yield of 95%. The characteristic 
peak of ethylene protons appeared at 2.54-2.65 in 1H NMR spectrum shows end-capping with carboxylic groups 
(Figure 5a), and the integration of protons correspond to 24 which proved all hydroxyl groups are replaced with 
carboxylic acid groups. To obtain silyl terminated prepolymers, hydroxyl terminal groups were reacted with 
isocyanato triethoxysilane under inert atmosphere for one day using TEA as a base catalyst. After removing 
unreacted molecules, 1H NMR analysis revealed the silyl neighbouring methylene protons at 1.6 and 0.6 ppm 
showed that successful end-capping of silyl groups to the star backbone (Figure 5b). 
 
Figure 6. FT- IR spectra of hydroxyl and aldehyde-terminated sP(EO-stat-PO) prepolymers. 
Synthesis of aldehyde terminated sP(EO-stat-PO) was achieved by oxidation by DMSO of the hydroxyl end 
groups at 50 oC for 16 h (Figure S2, see Supporting Information). The characteristic aldehyde proton peak appear 
at 9.5 ppm corresponds to protons attached to carbonyl the group, which has integral of about 3, suggesting three 
arms of the prepolymer was functionalized with an aldehyde group. The end-group conversion was also shown by 
FT-IR analysis (Figure 6). Hydroxyl group of star molecules gave a peak at 3500 cm-1, which decreased after end 
group conversion while the peak of carboxyl bond appeared at 1720 cm-1. We also observed a change in reaction 
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temperature directly affects the conversion. For example, with decreasing the reaction temperature from 50 oC to 
25 oC, resulted in a decrease of the conversion with a ratio of about 70%. 
Surface Modification Experiments. End-reactive star molecules offer many advantages for many different 
material concepts. Among them, surface coating application is intriguing since the star architecture can provide 
maximum coverage, and free reactive arms of the prepolymers can be used for the ligation of many biomolecules 
on the targeted platform. In that context, we herein tried to prepare reactive monolayers using acrylate and 
succinimide ester terminated prepolymers through dip-coating approach. The reactive surfaces were prepared 
after the aminosilylation of the coatings through dip coating, and the layer formation was proved by contact angle 
analysis of the coatings. 
 
Figure 7. (Top panel) Cartoon illustration of the monolayer coating with acrylate and succinimidyl ester 
terminated prepolymers. (Bottom panel) Uncontrolled HdF cell adhesion on different substrates. Respective 
images correspond to cells after 48 h on the substrates; A) aminosiylated surface, B) the succinimidyl carbonate-
terminated sP(EO-stat-PO) monolayers, and C) the acrylate-terminated sP(EO-stat-PO) monolayers. 
To evaluate the biocompatibility of the coatings, the layers were exposed to hDF cells (Figure 7). Aminosilylated 
surfaces are highly hydrophobic with a contact angle of 65o, revealed significant uncontrolled cell adhesion while 
coated monolayers were significantly lowered the cell adhesion. This is probably due to fact that the cells are 
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decoracted with many glycolipids and sugars, which have free amino group. Those groups later react with the 
layer over free reactive arms.  
5.4. Conclusion. Star-type copolymers consisting from ethylene oxide and propylene oxide in a statistical order 
with various reactive end groups were synthesized. NMR analyses of prepolymers showed the successful 
formation of end-reactive prepolymers with different degree of functionalization. As possible application for 
surface coatings, the monolayers from acrylate- and succinimide ester-terminated prepolymers were produced, 
and the surfaces were evaluated with cell adhesion experiments. These functional molecules present many 
advantages like star architecture with desired functionality and biocompatible structure could serve as examples 
to toolbox to design many different material constructs.  
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Supporting Information for Chapter 5 
  
Figure S1. IR spectra of maleimide and the hydroxyl terminated sP(EO-stat-PO).  
 
Figure S2. 1H NMR spectrum in CDCl3 of transformation of terminal hydroxyl groups to of sP(EO-stat-PO) into 
aldehyde groups.  
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Chapter 6 
In Situ Forming Macromolecular Networks from Star-PEG 
Copolymers with Tunable Structural Inhomogeneity and Elastic 
Stiffness 
Isocyanate-terminated star-shaped poly(EO-stat-PO) prepolymers have taken considerable interest since they 
can form an in situ hydrogel via hydrolysis of terminal isocyanate groups into amines over unstable carbamic acid 
and their subsequent reactions with unhydrolyzed isocyanates to yield urea links. These reactions rapidly take 
place in water with gelation times varying between 5 to 20 minutes and give rise to structural inhomogeneities, 
particularly cross-link density gradients (spatial inhomogeneity) together with topological (entanglements) and 
connectivity (dangling chains and loops) network defects. The critical concentration for bulk gel formation is 
thereby restricted by relatively high concentration (i.e., 50 g.L-1, which is over two-fold of the critical overlap 
concentration). To address this problem, we herein present controllable cross-linking of the prepolymers by tuning 
the kinetics of isocyanate hydrolysis and the following gel evolution by changing several parameters in the cross-
linking, such as solvent system, temperature and prepolymer content. By the optimization of end-linking 
reactions, mechanically strong networks are obtained with extremely low tan δ  values (~10-4) and a magnitude 
higher elastic modulus (G´) than the gels synthesized by the conventional approach in PBS. The formation of 
homogenous network structure was showed by DLS measurements by monitoring the fraction of static scattering. 
Having such control on structural inhomogeneity in the hydrogels, the degradation of NCO-sP(EO-stat-PO) 
networks (i.e., driven by hydrolysis of terminal carbamate bonds) could be varied over a broad range of time. 
Keywords; Star PEG, rheology, isocyanate chemistry, in situ forming hydrogels, inhomogeneity 
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6.1. Introduction. Isocyanate (NCO) terminated star shaped poly(EO-stat-PO) molecules are functional 
macromers with several advantages, such as in situ network formation in aqueous solutions, amorphous 
structure, PEG biocompatibility, slow degradability (i.e., driven by hydrolysis of terminal carbamate linkages) and 
multifunctionality.1-7 These advantages allow creating a functional in situ forming three-dimensional network 
structure by covalent tethering bioactive ligands or biomacromolecules at the onset of the network evolution either 
as forming ultrathin nanolayers onto aminofunctional surfaces, which can size down to 30 nm, or bulk hydrogel 
systems.8 Dalton et al. (2008) showed that the hydrogel formation of the NCO-sP(EO-stat-PO) prepolymers in 
water occurs when the critical concentration has been reached, and the cross-linking reactions instantly take 
place.9 Although this approach is very useful for creating a hydrogel network easily on mixing of the in situ 
network forming prepolymers in an aqueous medium, rapid cross-linking reactions bring many problems 
associated with structural inhomogeneities, which are governed by their structural and chemical peculiarities, and 
such cross-linking is eventually ended up with heterogeneous network structure.10 When an external force is 
applied to a such network concentrates on the weakest region, leading to microscopic fractures, and the stress is 
subsequently localized to the weakest region, ultimately leading to macroscopic fractures.  
Real polymer gels are far from ideally cross-linked network structures, having many spatial and topological 
imperfections that negatively affect mechanical, swelling, and degradation properties of the gels. Those network 
defects are called as structural inhomogeneities and further sub-categorized as; i) spatial, ii) topological and iii) 
connectivity inhomogeneities (Scheme S1, Supporting Information).10, 11 In the spatial inhomogeneity, polymer 
segments are inhomogeneously distributed. Connectivity inhomogeneity is arisen by the presence of dangling 
chains and elastically redundant loops, while the topological inhomogeneity is due to trapped entanglements 
(pseudo-entanglements). Hydrogels with these inhomogeneities modify their physical properties, such as 
swelling, elasticity, transparency, rheology and permeability.12-14 To prevent the occurrence of such 
inhomogeneities, particularly spatial inhomogeneity, one efficient approach would be using symmetric end-
reactive macromers since their cross-linking can easily be controlled in terms of homogeneous network formation. 
Contrariwise to typical macromer based gel systems of two mutually reactive macromers, the NCO-sP(EO-stat-
PO) macromers can induce further network imperfections. For example, two arms of the same star molecules can 
react and form a loop, while the fast cross-linking of the macromers prior to total dissolution generates cross-
linked nanoclusters with fuzzy surfaces decorated with dangling chains, and their covalent assemblies are later 
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form densely and sparsely cross-linked districts. One ideal network system what is based on symmetrical 
macromers, and called as Tetra-PEG gels, which were developed by Sakai and colleagues in 2008.15, 16 The 
Tetra-PEG gels exhibit a unique homogeneity and ultrahigh mechanical properties with near-absence of the 
spatial inhomogeneities and entrapped entanglements.17-20 Likewise, a homogeneous hydrogel network could be 
built up using supramolecular assemblies of branched PEG systems having terminal complexation bridging 
terpyridine domains.21, 22 Within consideration of those inhomogeneity matters, the gelation of NCO-sP(EO-stat-
PO) prepolymers is restricted with high concentration of prepolymers due to inefficient end-linking reactions, 
particularly yielding primary loop junctions and elastically inactive dangling chains.  
 
Scheme 1. Hydrolysis of the isocyanate group (i),23 and the subsequent isocyanate-amine reaction (ii).  
Isocyanates have terminal cumulated double bonds with the reaction proceeds through interaction across the 
N=C bond if the π and σ bonds are broken.23 In the case of hydrolysis in water, the primary amine (NH2) is 
formed and CO2 as a by-product (Scheme 1). The newly formed NH2 groups instantly react with free NCO 
groups. However, those reactions occur very fast, leading to the formation of a loosely-tied assembly of nano-
&microclusters. Furthermore, pH of the medium plays key role since the NCO groups can not react with 
protonated NH3+ groups. Only the unprotonated amine group reacts with the NCO group because the ionized 
amine group does not have an unshared electron pair.24 On the other hand, increasing pH speeds up these 
reactions, ultimately yielding highly heteregenous networks having many dangling chains together with sparsely 
and densely cross-linked domains. Regardless of tuning parameters used in the cross-linking, the ultimate 
network will have inhomogeneities due to the number of the arms and asymmetrical combination of the stars 
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(three and eight arms). In that sense, the major causes of deviations relevant to our NCO terminal star PEG 
system are (i) the formation of elastically inactive loops and dangling chains (connectivity inhomogeneity) and (ii) 
the aggregation of the PEG stars in water by hydrogen bonds and hydrophobic interactions together with rapid 
cross-linking reactions prior to total dissolution of prepolymers with the formation of densely and sparsely cross-
linked districts (spatial inhomogeneity). Entanglements cause topological inhomogeneity. Such structural network 
inhomogeneities could be adjusted via tuning NCO hydrolysis by an appropriate solvent system to lower kinetics 
to provide enough time window for the dissolution of prepolymers and to control subsequent cross-linking 
reactions to diminish the number of dangling chains and also primary loops. In this context, bis(2-
methoxyethyl)ether (diglyme) was chosen as a co-solvent, since it is miscible with both water and prepolymers.  
This study deals with the fabrication of sP(EO-stat-PO) hydrogels with tunable structural inhomogeneity by 
modifying several parameters in the gel preparation; e.g., solvent system, prepolymer content and temperature. It 
is thought that the kinetically controlled cross-linking of end groups of the stars in a stepwise manner will lead to 
the homogenous network formation with lesser amounts of dangling chain and loops. In that context, we 
performed dynamic rheological measurements during the solution cross-linking of sP(EO-stat-PO) prepolymers at 
various conditions. Our results showed that the formation of weak to strong hydrogels depending on 
concentration, temperature and the composition of the aqueous media. With tuning gelation parameters, the 
hydrogels were produced at very low concentration of prepolymers in the semi-dilute regime (i.e., 20 g.L-1) with 
extended gelation times. The homogeneous network structure was revealed by DLS analysis by monitoring the 
fraction of static scattering. Network degradation was significantly slowed for the homogenous gels due to the 
presence of higher amount of elastically active chains. 
6.2. Experimental Part. 
Materials. Voranol 4053, a polyether polyol (poly(ethylene oxide-stat-propylene oxide)), was purchased from 
DOW Chemicals (Netherlands). This is a mixture of two different polyether polyols, consisting of a tri-armed 
polyether polyols with glycerol as a central unit and an octa-armed polyether polyols with sucrose as a central 
unit. The arms are random copolymers of approx. 75% EO and approx. 25% PO. The OH functionality is an 
average of 6.9 and the average number of molecular weight is ca. 12 kg/mol. This results in a ratio of approx. 
78% octa-armed polyether polyol and approx. 22% tri-armed polyether polyol. The hydroxyl terminal groups were 
Chapter 6 – In Situ Forming Hydrogel Networks from Star-Type PEG Copolymers 
 
90
functionalized with isocyanate (NCO) groups. Isophorone diisocyanate (IPDI) was purchased from Fluka 
(Germany), and double distilled before use. Dulbecco's phosphate buffered saline (D-PBS) (Ca2+ and Mg2+ free) 
with pH 7.4 was purchased from Sigma Aldrich (Germany). 
Preparation of The Isocyanate-Terminated sP(EO-stat-PO). The isocyanate functionalization of the star 
copolymers was performed as previously stated by Gotz et al. (2002).25 Briefly, the hydroxyl-terminated sP(EO-
stat-PO) prepolymers were functionalized with 12 times excess of isophorone diisocyanate (IPDI) in a solvent-
free process at 50 oC for 4 days under an inert atmosphere. Short path distillation removed the excess of IPDI. 
Size exclusion chromatography (SEC) of the product (NCO-sP(EO-stat-PO)) proved that no dimer or trimer 
formation took place after functionalization. The prepolymer was kept under inert atmosphere in the glove box 
until further use. 
Cross-Linking Reactions. The prepolymers weighted under inert atmosphere in glove box and then dissolved in 
anhydrous diglyme solvent for the case of homogenous gels. The reaction was started with the addition of PBS 
buffer and afterwards, the solution was transferred between the plates of the rheometer for dynamic oscilatory 
measurements or taken into NMR tubes of 4 mm diameter and covered airtight to allow the cross-linking 
reactions overnight at defined temperatures using an oil bath. The prepolymer (NCO-sP(EO-stat-PO)) and the 
solvent system in gels were respectively expressed as weight per volume (mg/mL) and volumetric (v/v-%).  
Rheological Analysis. Dynamic rheological measurements were performed with Discovery Hybrid Rheometer 
(TA Instruments, UK) with a peltier thermo-control system. Gelation measurements were carried out between the 
plates (parallel plate geometry, diameter = 40 mm, gap = 500 µm) at 37 oC. During the measurements, a solvent 
trap was used to minimize water evaporation at long measurement times. Deformation amplitude and the 
frequency were respectively set 1 % and 1 Hz to ensure that the oscillatory deformation is within the linear 
viscoelastic regime, where the dynamic elastic modulus (G´) and the viscous modulus (G´´) are independent of 
strain amplitude.  
Dynamic Light Scattering (DLS). The measurements were performed with an ALV/CGS-4 compact goniometer 
system (ALV Gmbh, Langen, Germany) equipped with a helium-neon laser (λ = 632.8 nm) at a scattering angle of 
90o. A toluene bath was used for index matching and control the temperature. The system was equipped with a 
correlator ALV/LSE-5004. The time-averaged scattering intensities 
T
I and the time-averaged intensity 
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correlation functions ( )(2) ,Tg q τ  were determined at 20 different positions selected by randomly moving the 
cuvette before each run. The acquisition time for each run was 30 s.  
Gel Fraction. Hydrogels were synthesized as described and subsequently equilibrated in water for 2 days to 
remove unbound prepolymers. The gel fraction (Wg) is defined as the amount of cross-linked polymer obtained by 
one gram of prepolymers calculated as  
(%) 100
/100
dry
g
o p
m
w x
m c
=
          (1) 
Where mdry and mo are the weights of the gel samples after drying and preparation, respectively. cp refers to the 
prepolymer concentration (cp = (mass of prepolymers in g/volume of solution in mL) x 100).  
Fourier Transform Infra-Red Spectroscopy (FT-IR). FT-IR spectra were recorded on KBr pellets on a Thermo 
Nicolet 470 FT-IR spectrometer. The NCO-sP(EO-stat-PO) macromers at preset concentrations were casted on a 
KBr disk to form the film. The spectrum was recorded over time with a spectral resolution of 4 cm-1. 
Degradation Studies. Hydrogel samples were synthesized in NMR tubes and then put in beakers filled with PBS 
buffer. The hydrogels were equilibrated and then, the samples were incubated in PBS for 18 weeks by replacing 
the buffer every week with a fresh one. Afterwards, the samples were lyophilized and the degradation percentage 
(%) was calculated from the initial theoretical weight of the macromers and the lyophilized sample weight. Weight 
loss (%)=mlyop/mtheor x 100. 
6.3. Results and Discussion. 
The Formation of Heterogenous sP(EO-stat-PO) Networks. The hydrolysis of isocyanates is a two-step 
reaction; (i) the formation of carbamate, which is followed by carbamate anion decomposition in an acidic 
environment, and (ii) the reaction of amine groups with free-isocyanates over urea bonds to cross-link the 
prepolymers (Scheme 1). Since the stars have multi-functionalities, cross-linking reactions of the polymer arms 
eventually ended up with a hydrogel formation. Understanding the phenomena of hydrolysis and subsequent 
cross-linking reactions is substantial in getting a homogenous network with higher mechanical strength and 
slower network degradation. 
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Figure 1. Rheological characterization of sP(EO-stat-PO) hydrogels synthesized by a conventional approach in 
PBS. (a) Rheological profile of the sP(EO-stat-PO) macromers (100 mg.mL-1) during the cross-linking reactions, 
(b) the variation in plateau elastic modulus (G´) and the loss factor (tan δ) of the hydrogels prepared at various 
concentrations, (c) gelation times (tgel) of the hydrogels, and (d) the influence of temperature on cross-linking 
reactions. T = 37 oC, ω = 1 Hz and γ = 1%. SEM images of the microgel particles, obtained at 2 wt-% of the NCO-
sP(EO-stat-PO) prepolymers in PBS under continuous stirring. 
Typical rheologicl profile of the NCO-sP(EO-stat-PO) prepolymers (100 mg.mL-1) in PBS at 37 oC is shown in 
Figure 1(a), where both moduli (G´ and G´´) and the loss factor (tan δ) were monitored as a function of time. The 
elastic shear modulus (G´(ω) = (σo/γo)cosδ)  is the measure of the elastic energy stored and recovered, and the 
loss shear modulus (G´´(ω) = (σo/γo)sinδ)  is a measure of the energy dissipated as heat in the cyclic deformation. 
First modulus is related with the elasticity of the network while the latter modulus refers the toughness of the 
network. At the beginning, both moduli were below than 1 Pa, however, they considerably increased with time 
and after 40 min, moduli reached plateaus at G´ and G´´of 560 and 20 Pa, respectively. Concentration-dependent 
changes in G´ showed a significant increase with decreasing of tan δ, which is a representative indicator of elastic 
contribution to the ultimate network property and is expected to be 0 for ideally cross-linked networks. G´ of the 
gels at higher concentration obtained with considerable low loss factor (tan δ=G´´/G´) 
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hydrogel strength. These gels formed rapidly on mixing and exhibited relatively low gelation times (tgel) between 3 
to 10 minutes. Decreasing gelation temperature rises the gelation time (tgel); i.e., the gel made at 37 oC has a tgel 
of 4 min, while the respective value for the hydrogel prepared at 15 oC is 40 min. On the other hand, increasing 
tgel  rises the strengths of the hydrogels. Similar temperature effect on mechanical properties was also observed 
for the Tetra-PEG systems, of which mechanical strengths proportionally increase as the gel fabrication 
temperature rises.24 The sample having less than 50 mg.mL-1 of the NCO-sP(EO-stat-PO) did not promote 
hydrogel formation, but the microgel formation was clearly observed (see Fig. 1). The average hydrodynamic 
radius of the prepolymers in PBS was measured as 3.8 nm and the respective overlap concentration, c*, can be 
determined as ( )pi= 3* 3 / 4 g Ac M R N , where NA is the Avogadro number, M is the molecular weight of polymer, 
and Rg is the average radius of gyration, which can be estimated from the hydrodynamic radius via ≈ 1.58g hR R    
for stars with uniform arm length in a good solvent. Using those equations, c* is calculated as 22.9 mg.mL-1. This 
concentration is lower than the critical concentration for the hydrogel formation (c*gel ≈ 50 mg.mL-1) observed with 
the conventional gelation in PBS, suggesting the gels prepared in PBS have very heterogeneous network 
structures, particularly forming nano-microclusters based gels. To prove that claim, the NCO-sP(EO-stat-PO) 
macromers at low concentrations (e.g., 20 mg.mL-1) were continuously stirred in PBS and then imaged by SEM. 
Figure 1 shows spherical microgel cluster formation at the low concentration of the macromers and could be 
ascribed to the fast cross-linking of macromers prior to the total dissolution.  
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Figure 2. Rheological analyses of the hydrogels prepared in PBS. (a, b) Frequency-dependent oscillatory shear 
rheology of the NCO-sP(EO-stat-PO) gels at various concentrations indicated, and (c) creep-recovery cycles of 
the hydrogels. τ = 50 Pa, t = 600 sec, and T = 37 oC. 
Influence of prepolymers content on the viscoelastic properties was also shown as a function of angular 
frequency (ω). Figure 2 shows no dependence of the elastic portion of moduli at even higher angular frequencies, 
suggesting mechanically strong network formation. To get further insights into mechanics of the gels, creep-
recovery analyses at initial stress (τ) of 50 Pa were performed for the hydrogels having sP(EO-stat-PO) 
concentrations of 100 and 150 mg/mL. Figure 2 shows both gels showed a high initial compliance followed by a 
stable plateau region, and after stopping the shear stress (τ), both gels showed almost complete recovery as 
commonly seen for ideally cross-linked networks.26 When this cycle was repeated for a second time, same elastic 
behaviour was revealed for both gels.  
The complex shear modulus was measured during the network evolution. From the final storage modulus G´ (1 
Hz) after the completion of the reaction, one can estimate the effective network density, νeff , according to27  
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/´(1 2 / f) RTeffv G= −
          (2) 
f is the functionality of the cross-links, R and T have their usual meanings. The factor 1-2/f applies to a phantom 
network. The calculation according to Eq. 2 assumes that G´, which is measured at 1 Hz, is identical equilibrium 
modulus within experimental error.27 
 
Figure 3. Elastic properties of the hydrogels. (a) Cross-linking efficiency (ε) as a function of the nominal network 
density, νth, for the hydrogels prepared at 37 oC and the concentration of 100 mg.mL-1. (b) Cross-linking efficiency 
ε of the hydrogels prepared at the same concentration (100 mg.mL-1) and at various gelation temperatures (T). 
ν eff   corresponds to the molar concentration of elastically active network stands in the gel. The quantity may be 
compared to the theoretical network density,ν th , calculated from the concentration of the NCO-sP(EO-stat-PO) in 
the system assuming a perfect network structure. The cross-linker concentration, ν c , is related to ν th via 
ν ν= 2 /th c f , with  f = 6.9 and Mw= 12 kg.mol-1. The cross-linking efficiency, ε, is defined as ε ν ν= /eff th . Figure 3 
shows cross-linking efficiency (ε) versus nominal network density (νth), which is a quantitative measure of the 
occurrence of the network imperfections. For ideal hydrogel network, ε should be higher than unity. With 
increasing of prepolymer content, cross-linking efficiency (ε) significantly increased, suggesting homogeneous 
network formation as the concentration rises (Figure 3). The same trend was also observed with increasing 
gelation temperature whereby structural inhomogeneities of the gels decreased. This can be ascribed to the fact 
that the hydrogels prepared at low prepolymer contents (c ≤ 100 mg/mL) are far from having ideal network, 
possibly forming micro-heterogeneous network structure as revealed with the formation of microgels with fuzzy 
surface deceorated many dangling chains. Those chains later react and form a very heteregenous gel network. 
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However, at higher prepolymer contents, the networks become more homogenous and ε approaches to unity and 
even exceed 1 at the concentration of 200 mg.mL-1.  
 
Figure 4. Rheological characterization of the biohybrid gels from sP(EO-stat-PO) and hyaluronic acid. Gelation 
profile of sP(EO-stat-PO) and hyaluronic acid (HA) at 25 oC. Both components have the concentration of 100 
mg/mL (left), and the loss factor, tan δ, of the hydrogels (sP(EO-stat-PO)-hyaluronic acid (HA) and sP(EO-stat-
PO)) as function of time (right). ω = 1 Hz and γ = 1% 
For further characterization of cross-linking properties of the NCO-sP(EO-stat-PO) macromers, they were used as 
a multifunctional cross-linker for non-modified hyaluronic acid (HA) (Mw = 150 kDa) at 25 oC. Isocyanate groups 
are highly reactive moieties that can react with hydroxyl groups (OH) of the HA, leading to 3D network formation, 
but very differently from star polymer themselves.28 As seen in Figure 4, the cross-linking of hyaluronic acid takes 
place relatively fast (tgel ~ 10 min) with a remarkably high G´. As stated before, these macromers promote the 
gelation with highly elastic properties, meaning that the loss factor (tan δ) of the gels is considerably low. 
However, in case the star molecules react with linear polymers (as the case here with hyaluronic acid), viscous 
properties of the gels significantly increases along with tan δ. As we see here, even though substantial increase 
of G´, G´´ also increases suggesting higher toughness of the gels. Stiffness and the toughness of hydrogels are 
often inversely related, and according to the Lake-Thomas model, rising the cross-linking density should 
decrease the toughness, but the stiffness increases.29, 30 
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Figure 5. Rheological behaviour of sP(EO-stat-PO) hydrogels prepared in PBS (lines) and diglyme/PBS mixture 
(50-50 v/v%) (symbols) (left). csP(EO-stat-PO) = 100 mg.mL-1 and T = 37 oC. A cartoon scheme of the NCO-sP(EO-
stat-PO) gel with primary network defects indicated (right). 
The Fabrication of Homogenous sP(EO-stat-PO) Networks. To get structurally homogenous hydrogels, we 
attempted to increase the cross-linking time using a diglyme/PBS solvent mixture instead of PBS to give enough 
time to the prepolymers for total dissolution and thereby avoid from the formation of nano- and microclusters in 
the matrix. Using 50-50 (v/v%) diglyme-PBS solvent medium and at the constant concentration of sP(EO-stat-PO) 
macromers at 100 mg.mL-1, the pre-crosslinking time was extended with 5 min shift in gelation time tgel, while the 
final elastic modulus G´ of the gel system was a magnitude higher than the gel synthesized in PBS medium 
(Figure 5). The possible scenario behind this considerable increase in G´ of the gel system at the same 
concentration could be explained with the decrease of dangling chains and loops (Figure 5), so that the number 
density of elastically active chains increases and the network becomes mechanically strong along with 
homogeneous network structure. The extension of the cross-linking time also enabled total dissolution of the 
prepolymers, i.e., the spatial inhomogeneity of the network decreased. So we tried to calculate to cross-linking 
efficiency (ε) for both systems; e.g., the hydrogel prepared in PBS has ε of 0.127, while the respective value for 
the gel made in PBS/diglyme (50/50%) is 1.82, showing outstanding change in inhomogeneity of the networks. 
This means that the gel made with slower gelation has less inhomogeneity. However, herein we use a mixture of 
three- and eight-armed stars and therefore, some star arms will inevitably be remained as dangling chains during 
the network evolution.  
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Figure 6. (a) FT-IR mean intensity of isocyanate peak appeared at 2250 cm-1 as a function of time. T = 25 oC and 
c= 100 mg.mL-1 in PBS/diglyme (10/90%). (b) FT-IR spectra of the xerogels synthesized at various diglyme 
compositions. 
Hydrolyses of isocyanate groups at the course of cross-linking reactions were studied by FT-IR analysis by 
monitoring the changes in the mean intensity of isocyanate peak, appeared at 2250 cm-1, as a function of time for 
a hydrogel system having 100 mg.mL-1 sP(EO-stat-PO) and the buffer system 90-10 (v/v%) diglyme/PBS at 25 oC 
(Figure 6a). The initial hydrolysis of isocyanate is very slow, typically takes 3 h, in which no cross-linking takes 
place. However, after 3 h, in parallel to faster hydrolysis, the cross-linking reactions start and the network 
evolution occurs. After 24 h, the isocyanate peak disappears suggesting that the hydrolysis-crosslinking reactions 
are completed. As stated earlier, the hydrolysis of isocyanate is a two-step reaction, and the first step is the 
formation of carbamic ion, which has relative lower kinetics and favour the formation of a homogeneous network 
with increasing time. Figure 6(b) shows FT-IR spectra of the lyophilized gels prepared at various diglyme 
compositions. With increasing diglyme concentration in the solvent system, substantial increase in carbonyl 
(C=O) vibration peak appeared at ca. 1670 cm-1, suggesting increase of active network chains. 
Chapter 6 – In Situ Forming Hydrogel Networks from Star-Type PEG Copolymers 
 
99
 
Figure 7. (a) Influence of PBS content on elastic moduli of the gels is shown over fractional increase in G´ (fG´) 
and the cross-linking efficiency (ε) of the respective gels. (b) Variations in the loss factor (tan δ) and tgel with 
increasing PBS concentrations. c = 50 mg.mL-1, T = 37 oC and vth = 0.0012 mol.L-1. 
For further examination of the solvent composition impact on the network evolution, hydrogels were prepared at 
the same content of prepolymers (c = 50 mg.mL-1), but with various PBS/diglyme compositions. Figure 7 shows 
the G´ of the hydrogels with different diglyme/PBS ratios. Data shown as fG´ refers to fractional changes in G´ 
over the sample prepared in just PBS (fG´=G´PBS(%)/G´PBS(100%)). With decreasing PBS content, hydrogel strength 
logarithmically increased, revealing direct relation between the solvent composition and the inhomogeneity of the 
hydrogels. The cross-linking efficiencies (ε) of the respective gels were calculated and plotted against the solvent 
composition, revealed direct relation between the solvent system and ε  (Fig. 8a). The solvents influence was also 
reflected as significant changes in tgel. It was shown that the cross-linking reactions become slower with lower 
water content due to slower hydrolysis of isocyanates. That gives enough time window for the prepolymers to 
dissolve completely and cross-link the star arms with lowering the portion of the dangling chains. 
The influence of sP(EO-stat-PO) concentration on ultimate network properties is shown in Table 1, where the 
network parameters as a function of the concentration were described. Increasing prepolymer content, G´ 
increases and the loss factor (tan δ) decreases. The cross-linking efficiency (ε) of the networks increases at 
higher concentration, suggesting lesser inhomogeneity. The gelation times (tgel) are directly linked with the 
concentration; e.g., with four-fold increase in concentration, tgel decreases from 117 to 49 min while the elastic 
modulus (G´) of same gels drastically increases from 287 to 9432 Pa. Similarly the cross-linking efficiency of the 
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gels increases with the concentration as seen for the gel prepared with conventional approach in PBS, e.g., the 
gel prepared at 25 mg.mL has ε  of 0.21, while the ε is 3.67 for the gel fabricated at the concentration of 100 
mg.mL-1.  
Table 1. Results obtained by rheological analyses of sP(EO-stat-PO) gels at various concentrations. T = 37 oC 
and the diglyme/PBS ratio corresponds to 90/10 (v/v). 
C (mg.mL-1) G´ (Pa) tgel (min) tan δ 
vth 
(mol.L-1) 
veff 
(mol.m-3) 
ξ* 
(nm) 
ε 
25 279 117 5.75e-3 0.0006 0.130 29.30 0.21 
30 3294 86 1.2e-3 0.0007 1.79 12.85 2.55 
50 4738 65 1.05e-3 0.0012 2.58 10.87 2.15 
100 9432 49 0.95e-4 0.0014 5.14 8.64 3.67 
* The average mesh in the network was calculated by the following equation, 
 
ξ = 2
v
eff .N A
3
. 
 Star prepolymers with a concentration of 10 mg.mL-1 remained as liquid over the time, while at 20 mg.mL-1, the 
formation of gel was clearly observed (see Supporting Information, Fig. S2). This is due to fact that the 
concentration is lower than the critical overlap concentration of the star prepolymer, which was calculated as c* = 
18.8 mg.mL-1 for this solvent system. At that concentration, the star molecules are at the diluted regime and 
cannot yield a cross-linked network except those yield microheterogenous structures. However, with increasing 
the concentration over the c*, the formation of gel was observed with considerable elasticity in the semi-dilute 
regime. 
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Figure 8. Stress relaxation profiles of hydrogels prepared at different solvent systems. (a) 75-25 (PBS/Diglyme%) 
and (b) in PBS at various strain ratios (γ). csP(EO-stat-PO) = 50 mg.mL-1, T = 37 oC and . Strain rise time is 0.01 s. 
Strain-dependent properties of the gels were measured by stress-relaxation experiments. Those experiments rely 
on the stress (σ(τ, γο)) as a function of time after application of controlled amplitude γο for a duration of 600 s. 
Figure 8 shows typical relaxation spectra of the gels prepared at different solvent systems. The gels exhibit higher 
modulus at time scales below 10-1 s, while at higher time scales, moduli decrease depending on applied 
deformations, showing strain softening behaviour, which is varied for the gels prepared in the different solvent 
system, but at the same concentration. The gel prepared in binary solvent system showed clear softening, while 
the gel prepared in PBS displayed less relaxation due fact that the gel has higher viscous property (Figure 8b).  
 
Figure 9. (a) Normalized time-averaged ICF, 
(2) ( , ) 1Tg q τ −
, as a function of time measured on the same gel, 
but, at different positions, and (b) the speckle pattern of sP(EO-stat-PO) hydrogel (c = 20 mg.mL-1, (90-10%, 
diglyme/PBS)). Inset shows the hydrogel formed at the same concentration in a vial. 
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The spatial inhomogeneity in the gels was studied over DLS anaylsis, which gives information on mesoscopic 
length scale (ca. 100 nm) network defects. Figure 9 (left panel) shows the normalized time-averaged ICF, 
(2) ( , ) 1Tg q τ −
, measured at θ= 90o on the gel sample having 20 mg/mL sP(EO-stat-PO) at different sample 
positions, i.e., different speckles. All curves are different, even though they are from the same gel. Note that the 
tails of the curves are not parallel to the time axis, indicating a very slow relaxation mode besides the fast 
relaxation.31 Both of the fast and slow relaxation modes seem to be dependent on the sample position, 
suggesting the occurrence of the nonergodicity. Figure 9 (right panel) shows the obtained speckle patterns (<I>T 
over position) for the gel system having 20 mg.mL-1 prepolymers. Low scattering pattern has local variations in 
the gel network depending on the position, suggesting the homogeneous network structure. The conventional 
approach (in PBS) at the same concentration did not promote the gelation, and at even higher contents, the gels 
had many bubbles, so it was not possible to measure with DLS, and to compare them with the slowly formed 
homogeneous gels.  
 
Figure 10. (a) Gel fractions of the hydrogels prepared at various solvent compositions, and (b) degradation plot of 
the hydrogels prepared at varied PBS-diglyme compositions. All hydrogels have the same prepolymer content (c= 
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100 mg.mL-1). (c) The chemical structure of carbamate link and its fission sites according to Sureshbabu et al. 
(2011).32 (d) Inset photos show samples just after 1 week, and 18 weeks incubation in water for the gel prepared 
in diglyme/water mixture (90/10%). 
The degradation of hydrogels is mainly triggered by osmotic pressure in the matrix and the spatial 
arrangement of the network, i.e., inhomogeneity. The hydrogels formed in water lead to micro-
heterogeneous network, meaning that, some of the star arms do not contribute to the gel elasticity. With 
increasing osmotic pressure in the matrix, these bonds cannot stand against and therefore, with time 
they are broken, and the network degradation occurs. However, for an ideally cross-linked network, the 
degradation process takes considerably longer times until the hydrolytically sensitive bonds break down. 
Terminal isocyanates were linked to the star polymer backbone over carbamate linkages, and these 
bonds are sensitive to hydrolytical degradation, however, degradation occurs very slowly for bulk 
polyurethane-based materials, but much faster for water-based networks, hydrogels as such.33 
Carbamate bonds are a hybrid of ester and amide bonds, and therefore, there exist more than one bond 
whose fission can lead to deprotection of the amine (Figure 10c). Fissions B and C are less likely due to 
low reactivity of urethane carbonyl to nucleophiles.32 Fission A (alkyl-oxygen fission) is the most probable 
pathway leading to deprotection of the urethane protected amine. It generates a carbamic acid that 
instantly decomposes to the amine liberating CO2. Gel fraction (Wg) of the hydrogels is shown in Figure 
10, in which no significant changes are observed dependent on the solvent system, revealing that nearly 
all prepolymers were incorporated into the network either through single arm or with multiple arms. 
However, their time-dependent degradation behavior significantly varied after 18 weeks incubation in 
PBS. All hydrogels were prepared at 100 mg.mL-1 and at varied solvent compositions (See Figure 10, 
right panel). The hydrogel prepared in just PBS showed the weight loss of ca. 17 wt-% over 18 weeks 
while the sample made in binary solvent system (diglyme-PBS, 90/10%) displayed less than 1 wt-% 
weight loss, suggesting the occurrence of a homogeneous network structure. Inset photo also revealed 
almost no changes in the hydrogel structure over 18-weeks incubation in PBS. Similar findings were also 
reported by Zhang et al. (2002), in which they studied the degradation of the polymer scaffolds based on 
lysine diisocyanate (LDI) and glucose.34 The degradation was induced by hydrolysis of carbamate bonds 
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and varied from couple of weeks to few months depending on incubation temperature; i.e., the scaffolds 
degraded at 65% in two months at 37 oC, while the scaffold degraded less than 5% at 4 oC. 
 
6.4. Conclusions. In situ forming sP(EO-stat-PO) hydrogels with tunable structural inhomogeneities and stiffness 
were produced and studied. The cross-linking in PBS (so-called conventional approach) yield hydrogel formation 
at relatively high concentration (c ≥ 50 g.L-1) and the resulting networks showed low mechanical properties and 
faster degradation, yielding heterogenous network structures. However, the gels fabricated in binary solvent 
system (PBS/diglyme) promote the network formation at low concentration of prepolymers (i.e., c ≥ 20 g.L-1) in the 
semi-dilute regime, and the gels displayed magnitude higher moduli with higher cross-linker efficiency (ε) together 
with slower degradation, suggesting the hydrogels close to the ideally cross-linked networks. DLS analyses on 
such formed gels revealed very little static fluctuations, implying the occurrence of fewer clusters (i.e., less spatial 
inhomogeneity). With slowing cross-linking reactions, an outstanding increase in gel mechanics with a controlled 
gel formation was shown. Tuning inhomogeneities in such gel systems the degradation times of the hydrogels 
were significantly extended, suggesting their use for wide-range applications.  
. 
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Supporting Information for Chapter 6 
 
Scheme S1. Cartoon illustration of structural inhomogeneities in gels 
 
 
Figure S1. Rheological profile of sP(EO-stat-PO) prepolymers at the concentration of 10 mg/mL at 37 oC. Solvent 
composition was 10/90 (v/v%, PBS/diglyme). 
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Figure S2. Rheological profile of sP(EO-stat-PO) at 100 mg/mL in water/dilglyme  solvent (10/90 (v/v%)) as a 
function of time at 50 oC. Line corresponds to curve fit to obtain plateau modulus.  
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Chapter 7 
Rational Design of Functional Elastin Polypeptide Hydrogels 
through Star-PEG Cross-Linkers 
Elastin is an essential elastic fibrous protein found in the connective tissues (e.g., ligament, skin and lung) serving 
as a structural support and allows tissues to resume their shapes after stretching or contracting. Elastin is thereby 
an indispensable component to create biohybrid scaffolds that will represent the intrinsic properties of elastin. 
Herein, the paper deals with a rational design of bicyclononyne (BCN) functional native elastin derived 
polypeptide hydrogels with dynamically tunable properties. Hydrogels were synthesized by cross-linking of elastin 
polypeptide chains with isocyanate (NCO) terminated star-shaped PEG prepolymers and covalently tethering 
clickable BCN molecules. Several techniques were employed to elucidate the formation mechanism and the 
structure-property relationship of gels. The intrinsic properties of hydrogels are directly linked with the contents of 
elastin and prepolymers. The mechanical response of hydrogels at elevated elastin contents is highly nonlinear 
with remarkable strain hardening (up to 200%). Cryo-SEM analysis of the inner-structure of swollen hydrogels 
revealed macroporous matrix. Cytotoxicity experiments demonstrated that the hydrogels are cytocompatible, and 
those were degraded by the pancreatic enzyme, elastase, together with carbamate bond hydrolysis, and the 
release of covalently tethered molecules took place in parallel to the network degradation.  
KEYWORDS. Elastin, Biocompatible, Polypeptide Hydrogels, Bicylononyne, Click Chemistry 
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7.1. Introduction. One of the principal objectives of bioengineering applications is to develop novel gel scaffolds 
with appropriate mechanical and biological properties that closely mimic the properties of biological tissues.1 In 
this context, elastin could be considered as a promising biomolecule to generate such gel systems, since it is a 
versatile elastic protein that is dominantly found in the flexible tissues and plays essential role in tissue 
biomechanics.2-4 Elastin-based materials are desirable for tissue engineering applications due to intrinsic 
characteristics of elastin, such as strength, elasticity, long-term stability, biocompatibility and enzyme 
susceptibility.2, 5-10 Thus, a gel network composed of elastin chains depending on the cross-linking density may 
cause higher strength, flexibility and resilience so that the network can reversibly recoil after transient stretch up 
to 200%.11 However, the application of elastin is limited to some extent due to its insoluble covalently cross-linked 
structure.1, 12-14 On the other hand, elastin can be solubilized by a treatment with hot oxalic acid or potassium 
hydroxide as well as enzymatic digestion with pancreatic or leukocyte elastases or by other proteases. Hot oxalic 
acid treatment yields to water-soluble α-elastin polypeptides that later separated from β-elastin through 
coacervation, while KOH treatment in ethanol solutions results in κ-elastin.15-17 Water soluble α-elastin 
polypeptides consist of partially cross-linked peptides with a wide-range molecular weights.18 Although the acid-
treatment process results in structural modifications, previous studies showed that the intrinsic properties of 
elastin are protected since the information is kept on its unusual amino acid composition and on the sequences of 
the short elastin-derived peptides.19 Chemical cross-linking of soluble elastin fragments can be used to produce a 
gel network with a specific viscoelasticity capable of actual stress through keeping the intrinsic characteristics of 
elastin.   
Elastin hydrogels have so far been prepared through various chemical cross-linking routes, particularly over 
epsilon-amino groups (ω-NH2) of lysine residues in soluble elastin polypeptides or elastin-like polypeptides (ELP) 
via amine-reactive linkers; e.g., bis(sulfosuccinimidyl) suberate (BS3),1 glutaraldehyde,20,21 hexamethylene 
diisocyanate (HDI),22 β-[tris(hydroxymethyl)phosphine]propionic acid (THPP),23 ethylene glycol diglycidyl ether 
(EGDE),24 poly(ethylene glycol) diglycidyl ether (PEGDE),25 tetrakis(hydroxymethyl) phosphonium chloride 
(THPC),26 and tris-succinimidyl aminotriacetate (TSAT)27. Elastin-based gels were also fabricated using modified 
ELP with various functionalities; e.g., cyclooctyne-azide,28 aldehyde-hydrazide,29 or cysteine.30 Each cross-linker 
scheme presents its intrinsic reactivity and gelation time. For instance, epoxide and active ester-based systems 
require relatively longer times for the cross-linking.24, 25 Likewise, disulphide-based cross-linking takes hours to 
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get a hydrogel matrix and therefore, oxidizing agents such as peroxides (e.g., H2O2) or peroxidase enzymes (e.g., 
horseradish peroxidase (HRP)) are required to speed up the disulphide formation.31, 32 
Considering the difficulties of its multi-step isolation and the low ratio of cross-linkable lysine residues in those 
polypeptides, demands in developing novel cross-linking strategies for elastin-based systems are; i) network 
formation at low elastin contents, comprising a highly elastic rapid gelling system with intrinsic properties of 
elastin and having an appropriate gelation time window to ensure compatibility with surgical requirements, ii) 
minimal cytotoxicity, and also iii) multi-functionality that enables incorporation of bioactive molecules, such as 
growth factors to promote tissue regeneration, or cell-adhesive peptides or proteins (e.g., RGD or lectin) or 
directly tethering drugs for controlled release applications. In this context, we herein propose a novel facile 
approach to create functional elastin scaffolds on mixing of the components; isocyanate-terminated six-armed 
star-shaped poly(ethylene oxide-stat-propylene oxide) (NCO-sP(EO-stat-PO)), elastin polypeptides and N-
(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl methyloxy carbonyl 1,8-diamino-3,6-dioxaoctane (BCN-POE3-NH2). 
Isocyanates are highly reactive groups and react in particular with lysine residues while water-soluble BCN 
molecules are covalently attached to the stars over urea linkages.33 However, apart from the cross-linking 
reactions, hydrolysis of NCO groups into NH2 and subsequent cross-linking of prepolymers with the remained 
NCO terminated arms via urea bridges occur during the network evolution. The gelation of the elastin 
polypeptides was investigated with respect to elastin and cross-linker contents and as well as solution pH through 
oscillatory deformation tests. Hydrogels were subjected to swelling experiments to study the effect of elastin 
content on water-uptake properties. The hydrogels were characterized with regard to their mechanical properties 
using dynamic mechanical analyzer (DMA). Degradation of the gels was studied in PBS at 37 oC in the presence 
of proteolytic enzyme, elastase, and the inner-morphology of hydrogels at swollen state was explored via cryo-
scanning electron microscopy (cryo-SEM). Finally, the hydrogels were tested over cytotoxicity experiments with 
human dermal fibroblast (HDF) cells. 
7.2. Experimental Part. 
Materials. Elastin (elastin soluble, ES12) and elastase (high purity porcine pancreatic, EC134) were purchased 
from Elastic Products Company (Owensville, MO). N-(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl 
1,8-diamino-3,6-dioxaoctane (BCN-POE3-NH2) was obtained from Synaffix (Netherlands). Azide fluorescent dye 
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(Eterneon™-Azide) was purchased from Jena Chemicals (Germany). Star shaped hydroxyl-terminated polyethers 
(OH-sP(EO-stat-PO)) with a backbone of 80% ethylene oxide and 20% propylene oxide and the molecular weight 
of 12 000 g/mol (PDI = 1.15) were obtained from Dow Chemicals (Netherlands), and the terminal hydroxyl groups 
were functionalized with isocyanate (NCO) groups. Isophorone diisocyanate (IPDI) was purchased from Fluka 
(Germany), and double distilled before use. Phosphate buffered saline (pH = 7.2) was obtained from Sigma 
Aldrich. For pH 8.4 and 5, borate and phosphate buffers were respectively used. 
The Synthesis of The Isocyanate-Terminated sP(EO-stat-PO) Macromers. The isocyanate functionalization of 
the star polymers has been described elsewhere.34 Briefly, the hydroxyl-terminated sP(EO-stat-PO) (Mw = 12 000 
g/mol; PDI = 1.15) was functionalized with 12 times excess of isophorone diisocyanate (IPDI) in a solvent-free 
process at 50 oC for 4 days under inert atmosphere. The excess of IPDI was removed by short path distillation. 
Size exclusion chromatography of the product (NCO-sP(EO-stat-PO)) proved that no dimer or trimer formation 
took place after functionalization.  
Cross-Linking Reactions. Elastin polypeptides dissolved in PBS buffer (pH = 7.2), and then, mixed vigorously 
with a certain amount of NCO-sP(EO-stat-PO). The solution was transferred between the plates of rheometer or 
dropped into a Teflon mold having diameter of 15 mm and the depth of 6 mm and covered airtight to allow the 
cross-linking reactions overnight. The cross-linker (NCO-sP(EO-stat-PO)) and the polypeptide contents in gel 
systems were expressed as weight per volume (mg.mL-1).  
Rheological Analysis. Dynamic rheological measurements were performed with a stress-controlled Bohlin 
rheometer (Malvern Instruments, UK) having a thermostatic control system in the oscillation mode. Gelation 
measurements were carried out between the plates (cone plate 20 mm, 4o) at 25 oC. During the measurements, a 
thin film of silicone oil was used to cover sample perimeter to minimize solvent evaporation at long measurement 
times. Stress (τ) and the frequency (ω) were set to 1 Pa and 1 Hz, respectively, to ensure that the oscillatory 
deformation is within the linear viscoelastic regime, where the dynamic elastic modulus (G´) and the viscous 
modulus (G´´) are independent of strain amplitude. The rheometer is equipped with a temperature control bath, 
which provides precise temperature control over an extended time.  
Swelling Measurements. Hydrogel samples were prepared in syringes having a diameter of 5.4 mm and then 
cut into pieces with a razor blade. Afterwards, each sample was put in excess of water at room temperature and 
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kept in water for one week to reach to equilibrium swelling state, replacing the water every other day. The 
changes in gel volumes during the course of swelling were followed over the diameters and the weights of the gel 
samples. The swelling ratios; Vrel and mrel at a given swelling time (t) were calculated as  
 Vrel = (D/Do)3  (1) 
 mrel = (m/mo)   (2) 
Where D (or m) and Do (or mo) are the diameters (or the masses) of the gel samples at a given time (t) and just 
after its preparation, respectively.  
Cryo-Scanning Electron Microscopy (Cryo-SEM). Hydrogel samples were prepared as previously described 
and subsequently equilibrated in water. FESEM (field emission SEM, Hitachi S-4800N) is used to image the 
inner-morphology of the swollen elastin gels after flash frozen in liquid nitrogen and then water sublimation to 
avoid artificial defects without gold sputtering in cryo-mode at 1 kV.  
Dynamic Mechanical Analysis. A dynamic mechanical analyzer (DMA Q800, TA Instruments) was used to 
explore the mechanical strength of the hydrogel matrix by recording the strain-stress curve. The hydrogels were 
synthesized in Teflon molds and cut into cylindrical disks with a diameter of 6 and the thickness of 6 mm. The 
samples were equilibrated in water, and afterwards, they were placed between two metal parallel plates and 
covered by a temperature control unit. Each sample was preloaded to 0.5 N, which was followed by a strain 
sweep.  
Fourier Transform Infra-Red Spectroscopy (FT-IR). FT-IR spectra were recorded on KBr pellets on a Thermo 
Nicolet 470 FT-IR instrument. The NCO-sP(EO-stat-PO) (c = 50% in PBS (pH = 7.2)) was casted on a KBr disk to 
form the film. The spectrum was recorded over time with a spectral resolution of 4 cm-1. 
Cytotoxicity Assay. To exclude the release of toxic compounds from the hydrogels, the influence of the eluate 
on the growth of human fibroblasts was determined. After seeding of 20 000 human fibroblasts in RPMI1640 
medium containing 10% FCS in a six well plate and incubation for 3 hours at 37 °C, parts of equal size of the 
hydrogels were added to the medium and incubated for 24 h. Afterwards, the culture medium as well as the 
hydrogels were removed followed by addition of 500 μL new culture medium and 50 μL Alamar blue. Incubation 
was continued for another 2 h at 37 °C. 2 x 100 μL of the medium were transferred to a 96 well plate and 
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fluorescence of the samples was measured using an Optima Fluorescence Reader at 544 nm. As reference, the 
influence of tissue culture polystyrene (TCPS) on the growth of fibroblasts was determined. All assays were 
performed in duplicate. 
Enzymatic Degradation Studies. Hydrogel samples were put in 6-well plate filled with PBS (pH = 7.2) and 
incubated overnight for equilibrium. Afterwards, the weight of each sample was recorded and placed in elastase 
(1 or 5 U/mL in PBS) solution in a 37 oC incubator for 5 days. The weight for each sample (mlyp) was recorded 
after the lyophilization. The degradation percentage was calculated over the ratio of lyophilized sample and the 
theoretical weight (mtheo) of the gel precursors (i.e., % degradation = mlyp/mtheo x 100). 
7.3. Results and Discussion. Elastin polypeptides are rich in hydrophobic amino acids like glycine and proline, 
while the cross-linkable lysine residues found at relatively low percentages, varying between 0.3-2.5 per 100 
amino acids depending on the isolated tissue.16 The low ratio of cross-linkable lysine residues is the major 
problem to fabricate elastin-based constructs, and thereby relatively higher amount of elastin is required to build 
cross-linked scaffolds. To deal with that problem, we herein bring a novel approach to create elastin scaffold 
using in situ network forming PEG prepolymers. Once the prepolymers dissolved in aqueous solutions, they 
instantly react with free amino (ω-NH2) groups of elastin, while some of the terminal NCO groups of the 
prepolymers hydrolyze to NH2 over unstable carbamic acids. The newly formed NH2 groups instantly react with 
the remained NCO groups so the co-network of PEG-elastin is obtained, in which the dominant component (PEG 
or elastin) defines the intrinsic network properties. Furthermore, the proposed method enables covalently 
incorporation of water-soluble bicyclononyne molecules (BCN-POE3-NH2) into the gel matrix over urea linkages to 
design functional elastin-based gels (Figure 1).  
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Figure 1. A cartoon scheme of the functional network formation from precursors, and the rheological profile of the 
hydrogel made from NCO-sP(EO-stat-PO) (50 mg.mL-1) and elastin (100 mg.mL-1) having BCN (0.22 mmol) at 25 
oC. ω = 1 Hz and τ = 1 Pa. Inset photo shows the same hydrogel, which was prepared with incorporating azide 
dyes, in water under fluorescence light. 
Formation of Bicyclononyne Functional Elastin-sP(EO-stat-PO) Gels. In situ hydrogel formation was 
explored in aqueous solutions of elastin using NCO-sP(EO-stat-PO) as a multifunctional cross-linker through 
dynamic oscillatory deformation tests. Figure 1 shows changes in the elastic (G´) and viscous modulus (G´´) 
during the cross-linking reactions of gel precursors (elastin polypeptide, NCO-sP(EO-stat-PO) and BCN) at a 
constant temperature of 25 oC. The cross-linking of elastin is characterized by a log phase, period of significant 
changes occurred in both moduli within a short reaction time. After about 60 min, G´ reaches a plateau value of 
6400 Pa, which is of ~ 80 times of G´´, providing a clear indication for a gel formation. In the absence of elastin, 
the sP(EO-stat-PO) prepolymers could also promote the gelation, however, with a G´ of 114 Pa (see Supporting 
Information, Fig. S1).35 According to the gel point criterion, tgel (gelation time) is identified as the point where a 
frequency-independent value of the loss tangent is first observed. However, for a fast gelling system with low 
entanglements, the cross-point of G´ and G´´ can be considered as a gel point from the time of mixing of gel 
Chapter 7 – Rational Design of Functional Cyctocompatible Elastin Polypeptide Hydrogels 
 
 
116
precursors within experimental error. The gelation time for this concentration was found as 4 min. This short time 
of the gelation is caused by high reactivity of NCO groups towards lysine residues in the elastin polypeptides; 
however, the sample without elastin has tgel of 19 min together with very soft mechanics. This is due to the fact 
that the terminal NCO groups first hydrolyze to amines, and then the cross-linking reactions occur. Yet, in the 
presence of elastin polypeptides, NCO groups directly react with lysine residues without an induction period. 
Bicyclononyne (BCN) motieties were first mixed with the azide fluorescence dye (1:1 equiv) for 2 h and later, the 
solution mixed with the gel precursors. Figure 1 (inset) shows photo of the dye-embedded gel sample in water 
after 10 min swelling under fluorescence light. Since the BCNs are attached covalently to the network, so the 
azide dye too, no intial burst release of the dyes to the buffer could be observed, proving covalently attached 
azide molecules to the hydrogel matrix. The release of those covalently tethered molecules will be triggered by 
the network degradation with elastase introduction in parallel to the network degradation.  
 
Figure 2. Variation of elastic modulus G´ during the cross-linking of elastin chains in the presence of different 
concentrations of the NCO-sP(EO-stat-PO) at the constant elastin concentration of 100 mg.mL-1 (left panel). The 
changes in G´ during the network evolution at various elastin compositions and the constant sP(EO-stat-PO) 
concentration at 50 mg.mL-1 (right panel). All hydrogels have BCN moieties at the concentration of 0.22 mmol. 
Respective gelation time (tgel) plots were shown as insets. τ = 1 Pa and T = 25 oC. 
The effect of cross-linker content on the gelation for a constant concentration of elastin at 100 mg.mL-1 and 
various NCO-sP(EO-stat-PO) concentrations ranging from 17.5 to 50 mg.mL-1 is shown in Figure 2. Without 
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elastin polypeptides, a loosely cross-linked gel network with low modulus was formed. However, with increasing 
of NCO-sP(EO-stat-PO) content, stronger gel formation was clearly observed with negligible viscous properties 
and larger elastic moduli of the gels. For instance, with an increase of the cross-linker content from 17.5 to 50 
mg.mL-1, G´ increases from 200 to 9400 Pa, and the correspondent G´´ rises from 20 Pa to 100 Pa. For all 
conditions, gelation times varied between 2 and 15 min due to rapid cross-linking of elastin chains (Figure 2). The 
same effect was also observed on gelation times as the elastin concentration rises. Gelation time (tgel) decreased 
with either increases in elastin or cross-linker contents; for instance, tgel decreases four-times (from 10 to 2.5 min) 
with increasing of elastin content from 17.5 to 100 mg.mL-1. That enables their use for clinical applications by 
tuning pre-gelling period, since the optimal gelling time for clinical operation of injectable systems was reported in 
the range of 5-9 min.36  
 
Figure 3. G´ (filled) and G´´ (empty) of elastin solution and gels as a function of angular frequency. Frequency 
sweeps of hydrogels having a constant elastin content (100 mg.mL-1) and various NCO-sP(EO-stat-PO) 
concentrations indicated (top). Bottom row denotes the situation at varying elastin concentration and at the 
constant sP(EO-stat-PO) content of 50 mg.mL-1.  T = 25 oC and τ = 1 Pa. 
After the cross-linking reactions were completed (i.e., when the plateau value of elastic modulus is observed), the 
samples were subjected to frequency tests at a deformation rate of γ = 0.1 with a temperature of 25 oC over the 
range of 0.04-100 rad/s. For the sample with the lowest sP(EO-stat-PO) content (10 mg.mL-1), both moduli (G´ 
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and G´´) were dependent on frequency, showing liquid-like response in this concentration range, which is typical 
for semi-dilute polymer solutions, i.e., G´´ exceeds G´ at low frequencies and flow on longer time scales, which 
occurs with G´ ~ ω2 and G´´ ~ ω1 according to the Maxwell model.37 The frequency intersection of G´ and 
G´´corresponds to the inverse of the characteristic relaxation time (τ ) in a network of entangled chains, denoting 
the onset of the macroscopic chain displacement (Figure 3). The value τ  was found as 0.62 s for 10 mg.mL-1 
sP(EO-stat-PO) solution at semi-dilute regime. With increasing cross-linker content over 17.5 mg.mL-1, the gel 
formation was observed with a clear elastic response, whereby G´ is independent on frequency, suggesting the 
formation of elastic networks. Moreover, G´ rises and the differences between both moduli, G´ and G´´, expand 
with an increase of both prepolymer contents, showing the formation of stronger networks at higher elastin and 
sP(EO-stat-PO) concentrations. At the elastin content of 100 mg.mL-1 and sP(EO-stat-PO) of 50 mg.mL-1, G´ 
dominates over G´´ by about two magnitudes almost over the entire frequency range.  
 
Figure 4. Variations of G´ and G´´ during the cross-linking of elastin polypeptides in aqueous solutions at various 
pHs indicated. celastin = 100 mg.mL-1, cNCO-sP(EO-stat-PO) = 50 mg.mL-1, T = 25 oC, ω =  1 Hz, and τ = 1 Pa. 
The effect of pH on the cross-linking reactions was investigated via rheological analysis in the pH range of 5 to 
8.4. Figure 4 shows that the cross-linking reactions of NCO-sP(EO-stat-PO) molecules are pH dependent, and tgel 
decreases with pH increase; e.g., for the system having pH of 7.2, cross-linking reactions take several minutes, 
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however at the pH of  8.4; the cross-linking starts in seconds. Fast gelation of precursors brings many problems 
associated with network inhomogeneities (e.g., spatial, connectivity and topological network imperfections) 
leading to mechanical weakness. With small variation of pH, elastic modulus (G´) of the gel declined with 50% 
(Figure 4). The sample prepared at pH of 5 did not promote the gelation due to low affinity of NCO groups 
towards protonated amino groups (NH3+).38 Although some reports claim that NCO groups can also react with 
hydroxyl moieties at acidic pH, this was not the case for our system. Since the reaction kinetics between hydroxyl 
(OH) and NCO is similar to the NCO hydroxylation into NH2 groups over unstable carbamic acid. The NCO - OH 
reaction is preferable to the hydrolysis when the system is consisted of non-aqueous solvents or molar excess of 
OH groups. 
 
Figure 5. IR spectra of NCO-sP(EO-stat-PO) in 500 mg/mL as a function of time without elastin and BCN. Inset 
figure shows mean intensity changes of NCO groups (at 2265 cm-1) as a function of time. 
To get further insights into the gelation mechanism of the NCO-sP(EO-stat-PO), the cross-linking reactions at 
relatively high sP(EO-stat-PO) content (c = 500 mg/mL) without incorporation of elastin and BCN to hinder water 
peaks were monitored by time-dependent FT-IR measurements (Figure 5). The hydrolysis-crosslinking reactions 
of NCO groups for NCO-sP(EO-stat-PO) speed up with time and complete within 20 min in the absence of 
elastin, revealing rapid gel forming property of terminal isocyanate groups in aqueous media. 
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Figure 6. Rheological response of the elastin network under oscillatory shear with varying strain amplitude γ0. 
(top) The stress τ, (middle) elastic modulus G´ (filled) and viscous G″ (empty) modulus, and (bottom) the phase 
angle δ are plotted against γ0. The network was formed at 100 mg.mL-1 of elastin and sP(EO-stat-PO) of 17.5 
mg.mL-1 and pH of 7.2. The measurement was performed at 25 °C and ω of 1 Hz, with logarithmically increasing 
γ.  
Strain Stiffening of Elastin Hydrogels. The mechanical properties of soft biological tissues play a prominent 
role in their physiological functions and can not easily be duplicated by synthetic materials.39, 40 They stiffen under 
strain to prevent large deformation of tissues, exhibiting so-called strain-hardening behavior (also known as 
nonlinear elastic behavior). Storm et al (2005) proposed a model, which points out this nonlinear elasticity of 
biological tissues and stated that the strain-stiffening is generic for semiflexible filamentous structures and also 
varied depending on the mesh-size of networks; particularly low-modulus gels are more eligible for strain-
hardening process.39 Here we use elastin polypeptides as a hydrogel component, which also consists of 
semiflexible structures (i.e., β-spiral description of the elastin repeat, (GVGVP)
 n)41 and thereby strain-hardening 
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behavior should also be generic for elastin networks. Moreover, the evidence of the strain hardening behavior of 
a gel state was previously revealed for elastin-like polypeptide (ELP) systems, and the strain-hardening starts at 
70% deformation.30 Figure 6 shows the strain hardening process of hydrogel formed by 50 mg.mL-1 elastin and 
17.5 mg.mL-1 sP(EO-stat-PO). The gel stiffs, when it is deformed under high shear, and the stiffening starts just 
above γcrit of 0.5 (50%). As expected, the hydrogels with low cross-linker concentrations show dominant strain-
hardening behavior since the elastin portion in the network increases. The degree of strain hardening is defined 
as the ratio between the maximum elastic modulus (G´max) during the strain hardening process and the linear 
elastic modulus (G´lin) at the low strains. For the above hydrogel system, the degree of strain hardening was 
found as 1.95 (195%), which is remarkable value for such co-networks. Hydrogels with low elastin portions show 
dominant shear-thinning behavior (Figure 7), while, with an increase of elastin concentration, strain-hardening 
behavior becomes more distinctive. The strain hardening process requires long enough and less cross-linked 
semiflexible regions which are linked by macromers. Once the strain starts, non-Gaussian stretching of elastin 
chains at the stains approaching to the network fracture occurs so the strain hardening process appears.42 
 
Figure 7. Elastic (G´) and loss (G´´) moduli versus strain (γ) for samples with various elastin or sP(EO-stat-PO) 
contents. (Left panel) Strain sweeps of hydrogels with a constant elastin content (100 mg.mL-1) and varied NCO-
sP(EO-stat-PO) concentrations are shown. Right panel displays the variation of elastin concentration at constant 
sP(EO-stat-PO) content of 50 mg.mL-1. Scanning frequency (ω) is 1 Hz. 
With a decrease of the sP(EO-stat-PO) portion in the network, γcrit becomes smaller; for instance, the sample 
having 50 mg.mL-1  sP(EO-stat-PO) has γcrit  of 0.32 while the sample has 17.5 mg.mL-1 prepolymers, γcrit is 0.5. At 
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higher sP(EO-stat-PO) contents, strain weakening becomes dominant. The degree of strain hardening for a 
sample having 100 mg.mL-1 sP(EO-stat-PO) and 50 mg.mL-1 elastin is 1.04, which shows no noticeable strain 
hardening. 
 
Figure 8. Stress-strain curves of elastin hydrogels (at swollen states) prepared at 100 mg.mL-1 of sP(EO-stat-PO) 
and various elastin content indicated. 
Mechanical properties of the hydrogels at swollen state in medium using submersion compression system were 
investigated by DMA. Figure 7 shows the stress-strain curves for the hydrogels with different elastin portions. 
Hydrogel prepared at low elastin content (17.5 mg.mL-1) has a compression modulus (Ec) of 21 kPa while the 
hydrogel with 37.5 mg.mL-1 elastin has 26 kPa. The mechanical improvement of the gels was also seen over the 
breaking stress and strain, in which the crack development occurs. Sample with low elastin content was deformed 
at the strain of 43% and the stress of 30 kPa, while these values for the gel made at 37.5 mg.mL-1 of elastin are 
respectively 58% and 62 kPa, suggesting the mechanical enhancement of the hydrogels with higher elastin 
contents. The mechanical superiority of the proposed cross-linking route allows getting elastin-PEG conetworks 
with tunable mechanical properties at even very low content of elastin polypeptides. However, for such systems, 
one should keep in mind that the highly cross-linked network is dominated by the star-PEG, and therefore, the 
intrinsic properties of elastin polypeptides are hindered as seen shear-thinning behavior of the gels prepared at 
high sP(EO-stat-PO) concentrations. 
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Figure 9. (Top panel) Relative equilibrium swelling values (Vrel or mrel) of the hydrogels in water as a function of 
time (csP(EO-stat-PO)= 50 mg/mL, celastin=100 mg/mL and cBCN=0.22 mol) (left) and as a function of elastin 
concentration (right). Inset photo denotes hydrogel before swelling and after 1 day incubation in water. (Bottom 
panel) Cryo-SEM images of the elastin hydrogel. Average pore size was found to be 0.340 µm2 by using the 
software Image J. 
Swelling and Inner-Morphology Properties. Elastin has repeating hydrophobic short peptide fragments. It is 
therefore expected that the swelling of the elastin hydrogel systems should be relatively low. Given the fact that 
star networks in contrast to linear polymer-based systems has considerable low degree of entanglements, the 
gels formed by star shaped precursors should exhibit relatively low swelling. Furthermore, the sP(EO-stat-PO) 
molecules have relatively short arms and the molecule has a hydrodynamic size (D) of 7.5 nm. The hydrogels 
were prepared at various contents of elastin and sP(EO-stat-PO) in syringes with a diameter of 5.4 mm and keep 
overnight for the complete gelation. Gel pieces were transferred into a flask filled with water. The swelling was 
monitored as a function of time by taking into account of the change in weight and the diameter of hydrogel 
systems. Figure 9 (left) shows the equilibrium swelling degree (Vrel) of hydrogels as a function of time. The 
hydrogel sample reached equilibrium in 3 days with a relatively low swelling ratio (Vrel = 2.3) (see inset figure). 
Relative swelling degree (Vrel) for the hydrogels prepared at varied elastin contents tends to increase at higher 
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elastin concentration. For instance, increasing elastin content from 25 to 100 mg.mL-1, the slight difference (ca. 
20%) in Vrel was observed showing small influence of elastin on the swelling properties. This is probably due to 
fact that the network is tightly cross-linked because of the star-type cross-linkers. Swollen hydrogel was frozen in 
liquid nitrogen and then, imaged by SEM in cryo-mode to explore the inner morphology of gels (Figure 9). SEM 
image of the swollen hydrogel revealed a macroporous network structure with an average pore size of 0.340 µm2. 
This porous network structure may allow the transport of the proteins or other biomolecules for possible tissue 
engineering applications. 
Biocompatibility and Degradability of Elastin Hydrogels. The biocompatibility of these native elastin derived 
polypeptides were previously reported by Singh et al. (2013) and Serban et al. (2010) over the cells of human 
umbilical vein endothelial cells (HUVECs) and primary human mesenteric artery smooth muscle cells (SMCs), 
respectively.25, 43 In this study, the biocompatibility of the hydrogels was examined by a cytotoxicity test (with 
human dermal fibroblasts (HDF). Isocyanates (NCO) are highly reactive groups and its cyctotoxity is lower than 
glutaraldehyde.44 Annabi et al. (2009) used hexamethylene diisocyanate (HDMI) as a cross-linker for elastin 
polypeptides to create macroporous scaffolds and they have found fibroblast cells (those were latter incorporated 
into the fabricated scaffolds) were able to grow in the gel matrices.20 In this study we use PEG based cross-
linkers having terminal NCO groups and those NCO groups are only accounted for less than 2% of the whole 
molecule. Those molecules are thereby considered as less cytotoxic than low-molecular weight and hydrophobic 
HMDI molecules. Figure 10 shows the cell viability for both gels after 24 hours. Both gels show almost %98-100 
cell viability over the control, suggesting cytocompatibility of the resulting hydrogels cross-linked by PEG-based 
prepolymers. This high cytocompatility may also be arisen from the in situ conversion of reactive NCO groups into 
biocompatible NH2 groups in aqueous solutions prior to cell exposure (see Figure 5). 
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Figure 10. (Left panel) Cell viability over the homogenous membrane integrity assays of the elastin hydrogels 
after treating with HDF cells at 24 h, and (right panel) the degradation profile of elastin hydrogels in elastase 
solutions containing different concentrations of elastase (cNCO-sP(EO-stat-PO) = 50 mg mg/mL). 
Figure 10 (left panel) shows the degradation properties of the hydrogels with elastase of various concentrations. 
Degradation properties of the hydrogels were explored in aqueous solutions of elastase (1 and 5 U/mL) for 5 days 
exposure. The relevant percent degradation was calculated after lyophilization of the gel sample, which exposed 
to elastase solutions for 5 days. Percent degradation corresponds to the ratio of the weight of the lyophilized 
sample and initial theoretical weight of the precursors. The hydrogels do not disintegrate completely by the 
elastase due to the fact that considerable portion of the network stands on sP(EO-stat-PO) with some 
contributions of elastin polypeptides. At low content of elastin, the main network is based on sP(EO-stat-PO), and 
elastin polypeptides are partly cross-linked. However, at higher content of elastin, the proportion of elastin 
contribution on the network and elastase-mediated degradation of the gel increase. With the disintegration of the 
networks, covalently embedded cyclooctyne moieties were released so that the enzyme triggers the drug release. 
7.4. Conclusions. This study deals with the gelation of native elastin derived polypeptides with hydrophilic 
prepolymers having covalently embedding of clickable cyclooctyne moieties for biomedical applications. Due to 
the self-crosslinking ability of the NCO-sP(EO-stat-PO) in aqueous solutions, elastin gels could be fabricated at 
very low concentrations of the elastin and with remarkable mechanical properties. Such cross-linking provides the 
precise control on cross-link density and mechanical properties that can match the stiffness of soft tissues. 
Furthermore, these hydrogels with higher elastin portion exhibited strain-stiffening behavior that may prevent 
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scaffold damage at small deformations due to the inherent semiflexible filamentous structure of elastin. The rapid 
formation and biocompatibility of the proposed cross-linking method are of potential interest in tissue engineering, 
primarily as injectable scaffolds into defect sides. In such case, cyclooctyne moieties can be used as a carrier of 
drugs or other bioactive molecules and the release profiles of drugs can be modulated by proteolytic enzyme, 
elastase. Cytocompatibility of the gel system with intrinsic strain stiffness duplicates the mechanical properties of 
soft tissues being an ideal biomaterial candidate for tissue engineering applications. 
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Supporting Information for Chapter 7 
 
Figure S1. Gelation profile of NCO-sP(EO-stat-PO) macromers in PBS at the concentration of 50 mg/mL (left), 
and the frequency sweep of the gel (right). T = 25 oC and τ = 1 Pa. 
 
 
Figure S2. Gelation profiles of NCO-sP(EO-stat-PO) prepolymers in water at various concentrations  indicated. T 
= 25 oC and τ = 1 Pa. 
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Chapter 8 
Covalently Layer-by-Layer Assembled Homogeneous Nanolayers 
with Switchable Wettability 
Layer-by-layer (LbL) assembly is a practical and versatile approach to build up ultrathin hydrogel networks using 
mostly polyelectrolytes via alternate adsorption of oppositely charged molecules. It has recently been applied 
covalently by means of many different types of molecules, particularly those having low molecular weights or 
linear polymer structures. Using isocyanate (NCO) end-functional star-type polyethers (NCO-sP(EO-stat-PO)) in 
such covalent assemblies stands as a great challenge, since they are prone to form a smooth, but non-reactive 
layer that precludes chemisorption of a subsequent layer. To overcome this problem, we developed a protocol 
where oligomers (e.g., dimers, trimers) act as building blocks for a monolayer instead of single star shaped 
molecules. Since these are larger and multifunctional but still flexible, smooth layers thicker than a 
monomolecular film (ca. 10 nm) result with sufficient mobility of the building blocks to bearing enough reactive 
groups for covalent binding of a subsequent layer. As second component for chemical LbL layer buildup, a high 
molecular weight copolymer of vinylformamide/vinylamine (PVFA-co-PVAm) was used. The first layer was 
obtained by treating of aminosilylated surfaces with NCO-s(EO-stat-PO) followed by incubation with PVFA-co-
PVAm and chemical cross-linking with the first layer via urea links. The cycle was repeated to achieve the desired 
layer growth, and the resulting layers were characterized by ellipsometry, contact angle analysis, X-ray 
photoelectron spectroscopy (XPS), and scanning force microscopy (SFM). Multilayers obtained with homogenous 
structure together with low roughness values, and the water contact angles of the layers switched between 37-
45o depending on terminal layer. The layers were stable over three months under humid conditions in which no 
significant changes could be observed on thickness and hydrophilicity. 
8.1. Introduction. The precise control of surface coatings is intriguing for the design of functional surfaces and 
interfaces due to its importance on surface properties that could be particularly tailored for a specific application.1-3 
In that context, bottom-up approaches provide such unique control on surface composition and properties by 
adjusting the outermost layer that can switch off/on the reactivity or hydrophilicity of the coatings towards proteins 
or cells. One of the most-common ways to grow the layers through bottom-up technique is layer-by-layer (LbL) 
assembly, which uses different building blocks, such as polyelectrolytes, nanoparticles, and biomacromolecules, 
and various techniques (e.g., coordination, biologically specific interactions, electrostatic, hydrophobic, hydrogen 
bonds, and host-guest interactions).4-15 Electrostatic LbL deposition is the most used approach to grow layers to the 
desired thickness using polyionic complexes on different kinds of materials (e.g., nanogels, hydrogels, surface 
coating).16-21 However, those assemblies are susceptible to environmental conditions and can disintegrate with pH 
changes, disrupting ionic interactions between the layers.4 Apart from electrostatic interactions and as well as other 
noncovalent methods, it is possible to grow layers up to thin hydrogel films using functional molecules through 
covalent LbL technique. In this case, multilayer formation could be achieved through chemical bonds between 
reactive molecules, and the method yields mechanically strong and chemically stable layers even under harsh 
conditions at which electrostatically assembled multilayers cannot endure. In that context, many attempts were 
already done using different building blocks. Kohli et al. (2000) reported multilayer formation through LbL and 
spontaneous growth approach using isocyanate (-NCO) and amine-terminated low molecular weight compounds.22 
Due to the reactivity of NCO groups towards amino (NH2) groups along with rigid molecular structure of the used 
molecules, multilayer formation was easily accomplished, and by repeating the cycle many times, the coating 
thickness was manually tailored to desired values. Contrary to the previous example, Seo et al. (2010) reported 
multilayer films using the functional linear polymers, poly(pentafluorophenyl 4-vinylbenzonate) and poly(allylamine), 
through amide bonds.23 Those approaches and many other studies reported covalently bound LbL assemblies, 
which generally rely on the strategy that mainly uses small molecules, mainly hydrophobic, or linear polymers, and 
some of them may not compatible for biological use in sense of hydrophobicity of the layers, which result in 
uncontrolled adsorption of proteins and protein mediated adhesion of cells.23-28 Furthermore, high roughness 
values of such coatings in contrast to electrostatic assemblies stand as a critical problem, since some of them are 
far away from uniform morphology.  
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Figure 1. Prepolymers used in the fabrication of LbL growth nanolayers and the cartoon illustration of multilayer 
formation.  
Star-type polymers with multiple arms connected to the central core are of interest for surface coating applications, 
since they can provide a high polymer segment density on the surface ensuring high surface coverage. Aside of 
hydrophilicity of the polymers used, this is one critical criterium for preventing uncontrolled adsorption of proteins or 
also protein-mediated adhesion of cells. 29 Furthermore, terminal groups of such molecules can be functionalized 
with reactive moieties for selective interaction of ligands that are automatically endowed with a molecular spacer. It 
would be of general interest to investigate the structural and morphological influences of LbL assemblies based on 
those branched molecules and linear polymers and get insights into their formation and properties. However, the 
layer growth from such molecules is challenging as it crucially depends on the ability to control end-group 
orientation. For instance, we have previously reported that amphiphilic isocyanate-terminated six armed star 
shaped prepolymers with 80% ethylene oxide and 20% propylene oxide in the backbone (NCO-sP(EO-stat-PO)) 
with molecular weights of 12 or 18 kDa can be used for thin hydrogel layer preparation from aqueous solutions with 
straightforward control over layer thickness through 3D cross-linking in the polymer layer. However, in the case of 
  
134
adsorption of these molecules on amino-functional surfaces from non-aqueous solution under inert gas 
atmosphere, the functional groups react rapidly and the molecules form a flat monolayer with a maximum thickness 
~ 1.2 nm, which corresponds to ~ 10% of the size of the molecule.30 When such a surface is incubated in a sP(EO-
stat-PO) solution again, no significant thickness change could be detected due to chemisorption of the reactive 
distal ends of the star molecules, resulting in a hydrophilic, but non-functional layer. The high flexibility of the 
sP(EO-stat-PO) polymers creates little steric hindrance so that all isocyanate groups may react with amino-groups 
on the surface. In the presence of water, hydrolysis of isocyanates and subsequent covalent coupling of star 
molecules to larger aggregates creates sufficient steric hindrance to allow three-dimensional cross-linking of the 
coating.  
Hence, in the present study, we changed the concept of the layer growth with the aim to control the density of 
functional groups in each layer to allow for LbL assembly. Firstly, we use a combination of 12 kDa star-shaped 
NCO-sP(EO-stat-PO) polymers and high molecular weight (340 kDa) linear copolymer of 
vinylformamide/vinylamine (PVFA-co-PVAm) (Figure 1) in order to have a better control of functional group density 
on the surface. Secondly, we incubated the substrates with NCO-sP(EO-stat-PO) solutions in a clean room under 
ambient conditions in the presence of humidity, to allow the formation of aggregates e.g., dimers, trimers on the 
substrate. We hypothesized this would generate sufficient steric hindrance to prevent all NCO groups from reacting 
with the surface and thus result in a thick layer that present functional groups on the surface for subsequent layer 
chemisorption, while leaving enough mobility for the aggregates to form smooth and homogeneous layers. Finally, 
the high molecular weight of the PVFA-co-PVAm was chosen to ensure that chemisorption would occur and in 
addition, a sufficient amount of amine groups would remain for the subsequent layer. The resulting layers were 
characterized by ellipsometry, contact angle analysis, X-ray photoelectron spectroscopy (XPS), and scanning force 
microscopy (SFM). 
8.2. Experimental Section. 
Materials. Glass substrates (Ø~15 mm) and silicon (100) wafers were purchased from VWR International GmbH 
(Germany) and CrysTec GmbH (Germany), respectively. THF (Merck) was dried over LiAlH4, distilled under argon, 
and transferred into a glove box. 3-Aminopropyl-trimethoxysilane was obtained from Sigma Aldrich and used as 
received. Six-armed star-shaped OH terminated prepolymers with a backbone of statistically copolymerized 80% 
ethylene oxide and 20% propylene oxide, and the molecular weight of 12 000 g/mol (PDI = 1.15) were obtained 
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from Dow Chemical Co. (The Netherlands) and hydroxyl end-groups were transformed into isocyanate (NCO) 
groups. A copolymer of vinylformamide/vinylamine (PVFA-co-PVAm, Lupamin 9050) of high molecular mass (Mw = 
340 kDa) was purchased BASF Chemicals. Solid content of PVFA-co-PVAm was reported to be in the range of 16-
19 % in water and pH of 7-9. Sessile water was used in all experiments, unless otherwise stated. 
Synthesis of NCO-sP(EO-stat-PO). The preparation of the star polymer has been described elsewhere.31 Briefly, 
OH terminated star polyols (Mn = 12 000 g/mol; PDI = 1.15) were functionalized through reaction with 12 times 
excess isophorone diisocyanate (IPDI) in a solvent free process at 50 oC for four days under inert atmosphere. The 
excess of IPDI was removed by a short path distillation.  
Gas-Phase Aminosilylation. The substrates were cleaned using ultra-sonication with acetone, isopropanol, and 
de- ionized water for 5 min and dried by nitrogen blowing. Activation of the surfaces was achieved by treatment 
with UV/ozone for 30 min at 5 mBar. After that step, water-contact angles of the substrates were below the 
detection limit. The substrates were immediately used for amino-functionalization. 
After the activation process with ozone, the substrates were held in desiccator with 100 µL 3-aminopropyl-
trimethoxysilane at 5 mBar for 1 h. After removing the 3-aminopropyl-trimethoxysilane, the substrates were kept at 
high vacuum (~10-2 mBar) for 1 h to remove unbound silane molecules. 
Surface Coating. The precise amount of NCO-terminated sP(EO-stat-PO) (Mn = 12 000 g/mol; PDI = 1.15) was 
dissolved under an inert gas atmosphere in dry THF, and then solution was transferred to the clean room and 
dropped onto aminosilylated surfaces. The first layer was obtained by 30 min incubation (dip coating) under 
ambient conditions and then, unreacted prepolymers were removed by washing with dry THF. Afterwards, aqueous 
solution of a copolymer PVFA-co-PVAm was dropped onto the first layer, and the slides were incubated for 30 min. 
Following that step, the slides were washed with water. This cycle was repeated to achieve the desired thickness. 
Scanning Force Microscopy (SFM). The morphology of the layers was investigated by a tapping model SFM 
(NanoScope V, Digital Instruments Veeco Instruments Santa Barbara, CA) under ambient conditions. Commercial 
available standard silicon cantilevers (PPP-SEIH-W from Nanosensors) with a spring constant of 5−37 N/m and an 
oscillation frequency of ∼125 kHz were used. The data were processed using Gwyddion software Analysis, v-2.38. 
X-Ray Photoelectron Spectroscopy (XPS). XPS measurements were carried out in an Ultra AxisTM 
spectrometer (Kratos Analytical, Manchester, UK). The samples were irradiated with monoenergetic Al K*1,2 
  
136
radiation (1486.6 eV), and the spectra were taken at a power of 144 W (12 kV × 12 mA). The aliphatic carbon 
(C−C, C−H) at a binding energy of 285 eV (C 1s photoline) was used to determine the charging. The spectral 
resolution, i.e., the full width of half-maximum (fwhm) of the ester carbon from PET, was better than 0.68 eV for the 
elemental spectra. The elemental concentration is given in atom%. 
Ellipsometry. Determination of the layer thickness was done by ellipsometry using the coated silicon wafers in the 
wavelength range of 400-900 nm at an azimuthal angle of 15°. Each sample was measured at three different 
positions and the average value was presented with a standard deviation.  
Wide-Angle X-Ray Scattering (WAXS). WAXS was done using an Empyrean setup from PANalytical. A Cu X-ray 
tube (line source of 12×0.04 mm2) provided CuKα radiation with λ=0.1542 nm. The Kβ line was removed by a Ni 
filter. Source and detector moved in the vertical direction around a fixed horizontal sample. After passing a 
divergence slit of 1/8o and an anti-scatter slit of 1/4o, the beam reached the sample at the center of a phi-chi-z 
stage. In the Bragg-Bretano geometry used, the beam was refocused at a secondary divergence slit of 1/4o. Finally, 
the signal was recorded by a pixel detector (256×256 pixels of 55 µm) as a function of the scattering angle 2θ. 
Subsequently, the peak positions were calculated from q=2π/d=(4π/λ)sinθ, in which q is the scattering vector. The 
detector was used in a scanning geometry that allowed all rows to be used simultaneously. 
To reduce the background, the divergent beam perpendicular to the scattering plane was controlled by a mask of 4 
mm restricting the width of the beam at the sample position to about 10 mm. In addition, the perpendicular 
divergence was restricted by soller slits to angles ≤ 2.3o. For each new measurement the height of the (powder) 
sample was optimized. Scans were made with 2θ, the detector axis, moving at twice the rate of the θ-axis of the 
incident beam. The calibration was checked using a Si reference sample.  
Contact Angle Analysis. Contact angle analyses were performed by sessile drop measurements with a 
goniometer G40 (Krüss, Hamburg, Germany). For each sample, three droplets were measured, and the average 
data is presented with a standard deviation. 
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8.3. Results and Discussion. Isocyanate (NCO) groups are highly reactive groups with a unique in situ network 
forming chemistry.32 In aqueous solutions, they can instantly hydrolyse into amine over unstable carbamic acid 
and later can react with free NCO groups that ultimately yield to hydrogel network. With a combination of this 
unique chemistry with branched star architecture; we previously developed a functional ultrathin hydrogel layer 
coating with tunable thickness, however not very precisely, with parameters employed in coating preparation 
(e.g., spin- coating speed and polymer concentration).30 This platform showed promising results as protein 
resistance surfaces and in the prevention of uncontrolled cell adhesion. Furthermore, this sole platform could be 
simultaneously functionalized with peptides or proteins for intended biological use.29 Surface wettability of 
polymers is a prominent parameter for the assembly of the molecules on the surface to attain uniform coating and 
it is affected by various factors, including surface-polymer interactions, solvent-polymer interactions, molecular 
flexibility (e.g., crystallinity, persistence length) and shape. Rigid polymers (e.g., deoxyribonucleic acid (DNA) and 
polyisocyanides) are not desirable for the fabrication of LbL assemblies due to their high persistence length (ξ), a 
measure of lengthwise thermal bending fluctuations, yielding partly covered layers. Similarly, crystalline or semi-
crystalline polymers are also not preferable for LbL systems due to their degree of structural order, which yields 
particular alignment of the crystalline zones ultimately yielding patterned layers. To determine whether they have 
crystalline phases (polymorphism) or not, wide-angle X-ray scattering (WAXS) analyses were performed at bulk 
and in solvents. X-ray diffraction data on the bulk polymers are shown in Figure 2(a). PVFA-co-PVAm displays 
small crystalline peaks at 2θ of 20.6o, 26.5o, 32.3o, 39.5o, 46.1o, together with a broad amorphous peak at 23.8o 
(d-spacing ~ 3.73 Å), while the sP(EO-stat-PO) is highly an amorphous polymer having a broad peak centred at 
20o (d-spacing ~ 4.4 Å). Likewise, both polymers displayed highly broad peaks in respective solvents, suggesting 
their highly amorphous configurations during the coating process (Figure 2(b)). Thus, the lack of the long-range 
order leads structural degree of freedom available to the used polymers.  
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Figure 2. (a) WAXD patterns of bulk polymers; lyophilized PVFA-co-PVAm and sP(EO-stat-PO) and (b) 
in the solvents; sP(EO-stat-PO) in THF and PVFA-co-PVAm in water. 
Prior to coatings, the substrates (glass substrates and silicon wafers) were activated by UV-ozone treatment for 
30 min. After that step, contact angle was lower than the detection limit of the method (< 10o) (see Supporting 
Information, Figure S1). Activated surfaces were aminosilylated with 3-aminopropyl-trimethoxysilane via gas 
phase in exicator at 5 mBar for 1 h, and then 1 h at high vacuum to remove unbound silane molecules. Silane 
treatment of the surfaces resulted in amino-terminated surface (Figure S2). The formation of the first layer was 
achieved by dip coating of the aminosilyated surfaces with 10 mg/mL sP(EO-stat-PO) in anhydrous THF. Treated 
surfaces were incubated at RT for 30 min, and unreacted prepolymers were removed by washing with anhydrous 
THF. The first layer formation was evidenced by ellipsometry and contact angle measurements, revealing a 
contact angle of 45o and the thickness about 12 nm while the corresponding values for amino-functional surfaces 
were found to be 65o and ~1 nm. Layer thickness of the amino-functional surface was supported by theoretical 
nominal thickness of the silane molecule, calculated by ChemBio3D software and suggests precise monolayer 
formation (Figure S2, Supporting Information). The thickness obtained from the first layer is 10 nm and thus 
almost 10 times larger than the reported value for NCO-sP(EO-stat-PO) molecules chemisorbed to 
aminosilanized glass substrates under inert gas atmosphere (1.2 nm), thus indicating that by incubation for 30 
minutes under ambient conditions, aggregates (e.g., dimers, trimers) adsorb onto and / or form on the surface. As 
this layer thickness does relate to a stretched radius of a NCO-sP(EO-stat-PO) molecule, we conclude that no 
larger aggregates are present but trimers and tetramers which are sufficiently flexible during adsorption. 
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Figure 3. Influence of layer growth via LbL on coating thickness and contact angle (a, b). c respectively shows 
wettability on aminosilyated surface and the coated surfaces. 
That also results in enough mobility to form thick and homogenous layer to allow subsequent layer through 
chemical bonds as illustrated in Figure 1. The second layer was prepared by treating of the reactive first layer 
with PVFA-co-PVAm (solid content = 16-19 wt-% in water) for 30 min, and unbound chemicals were removed by 
washing with an excess of water. Following that step, thickness and contact angle analyses revealed 
considerable changes; contact angle was decreased from 45o to 37o, and the thickness was increased ~ 2 nm. 
This cycle was repeated to obtain multilayers in a stepwise manner. Figure 3 shows the hydrophilicity changes by 
water droplet analyses. The amino-silylated surface is rather hydrophobic with a contact angle of ~ 65o driven by 
alkyl chain of the silane compound. After treating of aminosilylated surface with NCO-sP(EO-stat-PO) 
prepolymers, contact angle significantly dropped for ~ 20o. Figure 3(c) shows the water droplet spreads on the 1st 
layer surface. With further incorporation of the copolymer of vinylformamide/vinylamine (PVFA-co-PVAm) as a 
second layer, spreading of the droplet raised and the contact angle decreased of ~7o. Star molecules are a 
copolymer of hydrophilic ethylene oxide (EO) and hydrophobic propylene oxide (PO), and the IPDI-derived 
terminal groups have also hydrophobic character. That explains contact angle differences between sP(EO-stat-
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PO) and (PVFA-co-PVAm) terminal layers. Yet, numerous studies of our research group support that sP(EO-stat-
PO)-based thin hydrogels layers are efficient to minimize protein adsorption even at this contact angle.29 With 
again treating the coating with star polymers, layer growth was successfully accomplished.  
 
Figure 4. XPS spectra of the layers up to 3 layers, and XPS N1s and Si 2p narrow scans of the respective layers. 
Table 1. XPS analysis of coated layers is increasing of carbon as atomic percentage while silicon content 
decreases with increasing layer number. 
 C 1s N 1s O 1s Si 2p 
1st Layer 66.47 2.94 25.83 4.76 
2nd Layer 67.75 4.74 26.05 2 
3rt Layer 70.45 2.85 26.67 0 
aThe values represent atomic compositions over 100%. 
We use X-ray photoelectron spectroscopy to quantitate the elemental composition of the layers. Figure 4 shows 
the XPS spectra of the layers. Although both prepolymers have excess of carbon (C) and oxygen (O) atoms, they 
have significantly different nitrogen (N) atom content. As seen in Figure 4, where the nitrogen atom, appeared at 
~400 eV increases with PVFA-co-PVAm incorporation and the peak of Si disappears with increased layer 
thickness, suggesting the formation of multilayer films since the XPS at the used angle can scan over 10 nm 
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depth. The atomic compositions of respective layer were shown in Table 1, shows higher C atom and lower Si 
contents with increase of layer number. The thick and functional layer formation from NCO-sP(EO-stat-PO) in dry 
THF could only be elucidated with the pseudo-monomolecular layer of the aggregates. That is, adsorption of 
aggregates results in thick and fully covered layer and followed by the chemical reactions between NCO with 
terminal NH2 on the surface. Similar phenomenon is also responsible for 3D hydrogel film formation of NCO-
sP(EO-stat-PO) in aqueous solutions; once the NCO-sP(EO-stat-PO)s contact with water, hydrolysis of NCO 
groups into NH2 groups over unstable carbamic acid and instant reaction of NCO with formed NH2 groups leads to 
oligomer formation. When those oligomers adsorb on amino-functional surfaces they covalently bind to the 
surfaces through urea links and subsequent aggregates reacts with the formed layer that ultimately yield to 3D 
hydrogel layers.   
 
Figure 5. SFM images of sequentially assembled layers on silicon wafers. Topological (upper row) and phase 
(lower row) SFM images of the layers: 1st, 2nd and 3rd layers respectively corresponds to sP(EO-stat-PO) 
nanolayer assembled on 3-aminopropyl)trimethoxysilane coated silicon wafers, sP(EO-stat-PO)-(PVFA-co-
PVAm) double-layer and sP(EO-stat-PO)-(PVFA-co-PVAm)-sP(EO-stat-PO) triple layer. 
Scanning force microscopy (SFM) was used to explore the surface morphology of coatings as topological and 
phase profiles for the characterization of film growth (Figure 5). After the coating of amino-functional surfaces with 
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NCO-sP(EO-stat-PO) prepolymers, SFM images suggest the formation of highly a uniform layer (roughness (Sq) 
= 0.343 nm). Phase image of the respective 1st layer also suggests the homogenous layer formation. However, 
after the second layer formation, Sq is increased to 1.56 nm due to clusters of aggregates seen in the topological 
profile. That is also seen in phase image showing patterned clustering of the linear polyamine compound on the 
1st layer. Most interestingly, after subsequent sP(EO-stat-PO) coating, no remarkable change in Sq was observed. 
Those values present the formation uniform coating with low Sq and low surface homogeneity index (SHI), which 
represents the ratio of roughness over the surface thickness). SHI for electrostatics based LbL assemblies are 
very low and varies in the range of 1-5%, but for the covalently growth layer assemblies, it is relatively higher, 
even reaches to 50%23 due to non-uniform coating. This is probably due to the fact that the preparation of layers 
in short reaction times (in 10 min for each layer). Although this short time seems to advantageous property for the 
fabrication of such assemblies within a short time, it inevitably results in the formation of partly covered layers. In 
this study, we prolong the coating time to 30 min to avoid such effects and to allow for reorganization of the NCO-
sP(EO-stat-PO) aggregates to smoothen occurring defects in the second layer prepared from a linear polymer. 
For our coating system, SHI (surface homogeneity index; roughness/layer thickness) was found be less than 5%, 
and decreased with increasing the layer number, suggesting the formation of highly uniform coating.  
 
Figure 6. Stability of the coated surfaces (6 layers) in terms of thickness (nm) and contact angle changes during 
3 months storage at humidity conditions at 37 oC. 
Chapter 8 – Covalently Layer-by-Layer Assembled Nanolayers 
 
 
143
Using of multilayer films for biological application requires the biocompatibility and chemical stability of the coating 
over a particular time. Previous studies on sP(EO-stat-PO) layers suggesting their biocompatibility for many cell 
types and even hemocompatibility against plasma proteins and blood cells.33 Their stability in aqueous solution 
over cell experiments for short times (until two weeks) was previously reported.34 Thus we herein investigated the 
stability of the layers at humidity condition and 37 oC over three months, which is good to evaluate their stability 
over storage for longer times (Figure 6). The layers kept at humid conditions were taken out and washed with 
water to remove dust and disintegrated molecules and dried under stream of nitrogen atmosphere. The 
multilayers were analysed with ellipsometry and goniometer to obtain the thickness and the contact angle of the 
LbL assembly over each month with a standard deviation of 5 days revealed no significant changes occurred in 
the surface composition in sense of contact angle and thickness at humid conditions, suggesting chemical 
stability of the coatings. 
8.3. Conlusions. We successfully demonstrated layer-by-layer growth through alternating chemisorption of 
isocyanate functional low molecular weight (12 kDa) star shaped polyethers (NCO-sP(EO-stat-PO)) and high 
molecular weight (340 kDa) aminofunctional linear polymer ((PVFA-co-PVAm)) via dip coating technique. Several 
methods were used to elucidate the property-structure relationship of the resulting layers in terms of composition, 
morphology, thickness and hydrophilicity. The thickness of the resulting film was easily modulated by applied 
cycle number. In contrast to linear polymer assemblies reported in literature, which show a general tendency to 
increase of roughness with the layer number due to the cluster formation, sP(EO-stat-PO) oligomer formation on 
the surface not only facilitates the possibility of chemical LbL buildup but also supports the formation of smooth 
and uniform coating and prevented rise in the surface roughness. Terminal layer defined the general property of 
the layer and may easily be modulated via further bio-activation before in situ hydrolysis of NCO groups of star 
molecules into the nonreactive amine groups in aqueous solutions. The LbL assembly were stable for three 
months under humid conditions and showed no significant changes on thickness and hydrophilicity, suggesting its 
stability over long time storage. All these advantages make this approach a promising system to obtain covalently 
LbL assembled nanolayers together with homogenous structures and switchable wettability for possible 
biomedical applications.   
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Supporting Information for Chapter 8 
 
Figure S1. Contact angle analysis of UV-ozone activated glass surfaces with different exposure times. 
 
Figure S2. Cartoon illustration of aminosilylation of the glass surface with 3-aminopropyl-trimethoxysilane. Inset 
figure shows changes in contact angles as a function of aminosilylation time. 
 
 
 
Chapter 8 – Covalently Layer-by-Layer Assembled Nanolayers 
 
 
148
Table S1. Thickness and contact angle data of the NCO-sP(EO-stat-PO) (Mw = 12 kDa) layers. 
  
Thickness 
(nm) 
Water 
contact 
angle (o) 
C 1s (%) 
from XPS 
O 1s (%) 
from XPS 
N 1s (%) 
from XPS 
Si 2p (%) 
from XPS 
R
e
f 1
 
Monolayer 1.3 - - - - - 
sP(EO-stat-PO) 
(1 mg/mL in 
THF(1)/water(9)) 
2.3 - 56 28.5 1.8 13.7 
sP(EO-stat-PO) 
(10 mg/mL in 
THF(1)/water(9)) 
30.9 - 70.8 27 2.2 0 
Th
is
 
st
u
dy
 
1st Layer 11.93 45.1  66.47 25.83 2.94 4.76 
2nd Layer 13.80 37.91  67.75 26.05 4.74 2 
3rd Layer 25.46 45.04  70.45 26.67 2.85 0 
4rt Layer 27.50 37.31  - - - - 
5th layer 40.2 46.1  - - - - 
6th layer 42.3 37.61  - - - - 
Ref 1. Groll et al. Biomacromolecules 2005, 6, 956-962. 
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Appendix 1 
Embedding of Active Proteins and Living Cells in Redox Sensitive 
Hydrogels and Nanogels through Enzymatic Cross-Linking† 
Horseradish peroxidase (HRP) can be used for the enzymatic cross-linking of thiol-functionalized polymers under 
mild conditions to form hydrogels and nanogels without the need for added H2O2. Cells can be embedded in the 
hydrogels and proteins can be entrapped and released from the nanogels. These gels are fully degradable under 
mild and cytocompatible reductive conditions. 
 
 Keywords. Colloids, enzyme catalysis, gels, horseradish peroxidase (HRP), redox-sensitive materials 
†This chapter was published in Angewandte Chemie International Edition 2013, 52 (10), 3000-3003 
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A1.1. Introduction. Redox-sensitive materials have received dramatically increasing interest over the past 
years.1 Disulfide cross-linked colloidal networks are particularly appealing, as they are rapidly reduced to thiols 
under the reductive environment inside cells, allowing the quantitative release of the payload incorporated within 
the particles.2 Moreover, disulfide cross-linked hydrogels as three-dimensional cell-culture scaffolds can be 
degraded under cytocompatible mild reductive conditions without affecting the vitality of the embedded cells.3 
Disulfide cross-linked networks may be obtained through direct polymerization of disulfide-containing monomers, 
by the use of disulfide-containing cross-linkers, and by the oxidative coupling of thiol-functionalized precursors 
(thiomers).4,5 Only the latter allows the covalent binding of thiol-functionalized molecules (such as cysteine-
terminated peptides) to the matrix directly during network formation. The gelation of thiomers solely by exposure 
to air is possible but is too slow for most nanoparticle preparation techniques6 and leads to inhomogeneous cell 
distribution in hydrogels. Therefore, oxidizing catalysts like the often used hydrogen peroxide are, usually, applied 
in order to decrease oxidation times. However, the strong oxidation potential of H2O2 results in the oxidation of 
thiols beyond disulfides,7, 8 so that the number of possible payload molecules is restricted and the formed network 
may not or only partially be decomposed by mild and cytocompatible reductive stimuli. 
Enzymes as biological catalysts can be used to mediate hydrogel formation with the advantages of i-) cross-
linking under mild conditions, ii-) unique chemo-, regio-, and enantioselectivity, and iii-) no need for toxic cross-
linkers. A number of studies have been reported on enzyme-mediated hydrogelation.9–11 In one example inspired 
by the natural gelation process of fibrin, Lutolf et al. used transglutaminase to cross-link polymers to form 
hydrogels. They used this process to generate cell adhesion peptide functionalized hydrogels that are also 
degradable by matrix metalloproteases.12 Approaches for the enzymatic cross-linking of hydrogels especially for 
biomedical applications have most recently been reviewed.13 This overview shows that enzymatic cross-linking 
has so far always resulted in networks for which degradation is either possible through enzymatically catalyzed 
cleavage of covalent bonds or rather harsh and not cytocompatible chemical conditions like drastic pH changes. 
Horseradish peroxidase (HRP) is one of the most thoroughly studied oxidation-catalyzing enzymes.14 In the 
conventional HRP cycle, the enzyme reacts with H2O2 to form highly reactive intermediates that act as powerful 
oxidants. In the presence of thiol groups these intermediates generate active thiyl radicals that may then dimerize 
to form disulfides or react with thiolates to give disulfide radicals, which are then transformed into disulfides after 
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reaction with oxygen. Hence, addition of hydrogen peroxide is usually necessary for HRP-mediated cross-
linking.15–17 Under aerobic conditions, however, there is no need for H2O2 addition as H2O2 is formed during the 
auto-oxidation of thiol in stoichiometric ratios.18 It can then act as a catalyst for disulfide formation, without the 
need for further addition of peroxide. Because the peroxides are generated from the thiols in a strictly 
stoichiometric molar ratio, no further oxidation of the forming disulfide groups occurs. 
A1. 2. Experimental Part. 
Materials. Linear polyglycidol (PG) (Mn = 4500 g/mol, Mw/Mn = 1.17) was synthesized via anionic polymerization 
in diglyme using potassium tert-butoxide (Aldrich) initiator according to procedure described before. N,N-
dicyclohexyl-carbodiimide (DCC, Acros, 99%), 4-(dimethylamino) pyridine (DMAP, Aldrich, 99%), 3,3’-
dithiodipropionic acid (DTPA, Aldrich, 99%), tris(2-carboxyethyl) phosphine (TCEP, Aldrich, 99%), 
dichloromethane (HPLC grade, Aldrich), cysteamine (2-mercaptoethylamine, Biochemica), 5,5’-dithio-bis(2- 
nitrobenzoic acid) (DTNB, Merck), anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich, 99.8%), Span 80 
(Sigma), and Tween 80 (Sigma-Aldrich), pyragallol (≥ 98%, Sigma), immobilised TCEP (Thermo Scientific), 
AGBBB015F peptide (3230 g/mol, AplaGen), glutathione (≥ 98%, Sigma), Caffeine (Sigma) were used as 
received. THF was dried over LiAlH4. Horseradish peroxidase with an initial enzymatic activity of 320 U/mg was 
purchased from CalBioChem. Dialysis membranes (MWCO: 3500 Da, 20 000 and 100 000 Da) were purchased 
from Spectrum Laboratories. 
Dynamic Light Scattering (DLS). The particle sizes were measured by photon correlation spectroscopy using a 
Malvern Zetasizer Nano ZS at a fixed scattering angle of 173° to the incident beam. A helium/neon laser 
operating at 633 nm with 4.0 mW was used as a light source. For all the measurements, the sample 
concentration of approximately 1 mg nanogel /mL water was taken. Non-invasive back scatter technology takes 
particle sizing to sensitivity in the 0.6 nm to 6 nm range. Disposable polystyrene cuvettes were used for 
measurement. ‘‘Expert System’’ software was used for data interpretation. The presented data is the average 
from five measurements. The DLS measurements give a z-average size (or cumulant mean) value, which is an 
intensity mean and the polydispersity index (PDI). The cumulant analysis has the following form: 
( ) ( )1 22ln( )g t t tµ= −Γ + +   
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 Where g(1) is the first order correlation function; is the average decay rate and first cumulant; μ2 is the second 
cumulant. The value of  
2
2 /µ Γ   is known as polydispersity index (PDI). 
SEM Analysis of Nanogels was performed with a HITACHI S-4800 instrument in a cryomode at primary 
accelerating voltages between 1-2 kV and beam current between 1-2 A. The material is fixed on a holder and was 
rapidly frozen with boiling liquid nitrogen. It was then transferred to the high vacuum cryo-unit, the Balzers BF 
type freeze etching chamber. The cryo-chamber equipped with a knife can be handled from outside by means of 
a level to fracture the sample for applications in which imaging of the surface of inner structures is aimed. To 
remove humidity, the sample is sublimated from 5 to 15 min then the entire material is further inserted into the 
observation chamber. This was used to further confirm sphere size and overall morphology of the nanogels. 
Synthesis of Thiol Functionalized Polyglycidol. Thiol functionalized linear polyglycidol (HS-PG) was prepared 
as described in our previous publication in a two-step synthesis. Briefly, in the first step PG (Mw = 4500 g/mol, DP 
= 60, Mw/Mn = 1.17) was cross-linked with a disulfide cross-linker 3,3’-dithiopropionic acid via Steglich 
esterification followed by reduction of the disulfide bonds to thiol groups in the second step. The reduction was 
carried out with aqueous solution of TCEP (1.5 eq. with respect to the disulfide units) at room temperature for 4 h 
under nitrogen. The pH of the solution was adjusted with triethylamine to pH = 6.5. After reduction, the solution 
was first dialyzed for two days at RT against aqueous HCl solution at pH ~ 3.5, followed by the dialysis in 
millipore water under inert gas for one day. Finally, the polymer solutions were lyophilized and stored at +4 °C 
under argon for further use. The thiol content determined by 1H NMR (DMSO-d6) was 25 %, (15 units) and final 
Mn was 6100 g/mol. 
Bulk Hydrogel Synthesis. HRP (0.150 g, 3.33 × 10-2 mmol) was dissolved in 350 μL buffer at pH 7.4, 8.0, 8.5 
and was mixed thoroughly. To this solution HRP was added in different molar ratios. The bulk gelation of HS-PG 
was induced by addition of four different equivalents of HRP with respect to thiol functionalities present in the 
polymer backbone as SH : HRP: 1:0.01, 1:0.02, 1:0.04, 1:0.08. In order to test the role of HRP in gelation 
samples with PG was also monitored for 24 h without addition of HRP. 
Rheological Analysis of Bulk Hydrogels. Dynamic oscillatory deformation measurements were performed with 
a Bohlin CVR-50 (Malvern Instruments Ltd, England) in a cone-plate configuration. The upper plate (cone plate 
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1o, 20 mm) was set at a distance of 150 μm before the onset of the reactions. During all rheological 
measurements, a thin film of low-viscosity silicone oil covering the sample perimeter was used to prevent solvent 
evaporation. Measurements were carried out at a frequency of ω = 1 Hz and a deformation amplitude γ = 0.01 to 
ensure that the oscillatory deformation is within the linear viscoelastic regime. 
Nanogel Synthesis. Nanogels were synthesised via inverse miniemulsion method. For the preparation of the 
miniemulsion, surfactant (100 mg of 3:1 weight ratio of Span 80 and Tween 80) dissolved in 3.74 mL of n-hexane 
was used as an organic phase. The aqueous phase consisted of 150 mg (3.68 × 10-1 mM) of HS-PG dissolved in 
300 μL of 0.04 M PBS buffer (pH = 8.5). The organic and the aqueous phases were pre-emulsified by magnetic 
stirring for 10 min. After stirring the system was ultrasonicated using a Branson sonifier W450 with a ¼ ״ horn at 
duty cycle of 30% and output control of 90% under ice cooling. Cross-linking was initiated by subsequent addition 
of HRP (0.0128 g, 3.2 x 10-6 mmol) dissolved in 30 μL of PBS buffer (pH = 8.5) and the mixture was sonicated for 
another 60 s. The reaction was allowed to proceed for 50 min at room temperature with constant stirring followed 
by quenching of the free thiol groups by 2-hydroxy acrylate at pH = 8. Any further oxidation was stopped by 
addition of 1.5 mL of acidic water (pH = 3). Separation of the nanogels was achieved by centrifugation at 10 000 
rpm for 30 min followed by decantation of the supernatant. Nanogels present in the aqueous layer were carefully 
washed with hexane (2 × 1.5 mL) and THF (4 × 2.5 mL) in order to remove the surfactants. The remaining 
organic solvents and acid were removed by dialysis. Purified nanogels were stored in Millipore water at 4 °C for 
further use. 
UV-Vis Spectrophotometry. UV-visible spectra were determined using a Varian Cary 100 Bio-UV-Visible split-
beam spectrophotometer running with Cary WinUV scan application with a capacity of measuring 6 samples at a 
time. Samples were scanned at 500 nm. A high intensity Xe flash lamp was used as the source for UV light, 
which permits taking 80 data per second. 
Fluorescence Microscopy. Zeiss Axioplan 2 upright digital imaging microscope was used for fluorescent 
imaging. It was equipped with a high resolution digital camera (Zeiss Axiocam HRc) and image processing 
software (AxioVision Release 4.7) with 100 W tungsten and mercury light sources. Axiovision software controls 
the stage, filter sets, and AxioCam camera provides Z-stack and multi-channel digital image capture capabilities 
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with a resolution of 1300 × 1030 (native) up to 3900 × 3090 pixels. Microscope objectives available were 10X, 
20X and 50X. 
A1.3. Results and Discussion. We describe herein the HRP-mediated preparation of functional, redox-sensitive 
disulfide-cross-linked hydrogels and nanogels through the gelation of thiomers without the requirement of H2O2. 
Thiol-functionalized linear polyglycidol (Mn=6100 g mol−1; HS-PG) was chosen as a hydrophilic and 
cytocompatible gel precursor.19 Homogeneous solutions of HS-PG in phosphate-buffered saline (PBS) (30 wt %, 
pH 7.4, 8.0, 8.5) did not yield hydrogels within 24 h under ambient conditions in the absence of HRP. Upon HRP 
addition, gel formation was observed after 4 h only at pH 8.5, suggesting the occurrence of enzyme-triggered 
hydrogelation (Figure 1). Hydrogel formation was confirmed in situ during the network evolution by rheological 
analysis using oscillatory deformation tests. A typical gelation profile is characterized by two phases. An initial lag 
phase of about 2 h, during which both moduli (elastic (G′) and viscous (G′′) remain almost unchanged, may be 
related to the formation of prepolymer aggregates in the reaction system. The lag phase is followed by a log 
phase during which a rapid increase of G′ is observed, suggesting the occurrence of cross-linking reactions 
between the prepolymer aggregates. The gel point can be assumed at the crossover point of G′ and G′′ in the 
case of minimally entangled networks. Assessment of the gelation kinetics reveals a marked dependence of 
gelation time on HRP content. The gelation time decreased with an increasing amount of HRP and reached a 
plateau at 110 min for the HRP/HS-PG molar ratio of 0.08. A further increase of the HRP amount did not affect 
the gelation time. 
 
Figure 1. Hydrogel formation from thiol-functionalized PG upon HRP addition. The plot shows the changes in 
elastic G′, and viscous modulus G′′ measured at 1 Hz during the cross-linking reactions. The inset shows the 
dependency of the gelation time on the HRP/HS-PG molar ratio. 
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For comparison, an oscillatory rheological analysis with H2O2 instead of HRP as the oxidizing agent was 
performed (Figure S1 in the Supporting information). The gelation of HS-PG precursors in the presence of H2O2 is 
slower than the HRP-mediated process, but both processes yield elastic networks. 
Raman spectroscopy was performed to qualitatively determine and compare the reaction products obtained by 
the thiomer gelation mediated with HRP and H2O2 (Figure 2). The Raman spectra of HS-PG cross-linked with 
H2O2 showed considerable amount of free thiol groups (2075 cm−1) after the stipulated time of 4 h; in comparison, 
in hydrogels formed by HRP cross-linking almost all of the thiol functionalities were converted into disulfides (507 
cm−1). These results correlate well with rheological tests indicating that HRP is more effective than H2O2 as a 
catalyst for gel formation. 
 
Figure 2. Raman spectra of HS-PG hydrogels cross-linked with H2O2 and HRP at the molar ratios indicated. 
HRP-mediated thiomer oxidation was also exploited to generate hydrogel nanoparticles, so-called nanogels, by 
inverse miniemulsion. Cryo-scanning electron microscopy (cryo-SEM) and dynamic light scattering (DLS) 
techniques were applied to measure the diameter of the nanogel particles in the swollen state (Figure 3). Particle 
size analysis with DLS yields a z-average particle diameter of 250 nm with a polydispersity index (PDI) of 0.24. 
Cryo-SEM images show well-defined spherical particles with diameters d in the range of 200 nm<d<350 nm. 
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Figure 3. Cryo-SEM and DLS analysis of HS-PG nanogels in water. 
The release of HRP from the cross-linked networks as well as the enzyme activity was analyzed by means of the 
HRP-mediated oxidation of colorless pyrogallol to give yellow-colored purpurogallin (see the Supporting 
Information). Analysis of the data revealed that in hydrogels more than 98% of the HRP was released within 24 h 
(Figure 4, top). In contrast, HRP release from the nanogels was slower and incomplete, reaching a plateau at 
80 % after 36 h (Figure 4 bottom). While for hydrogels roughly 45 % of the encapsulated HRP was released within 
1 h, in the case of nanogels 45 % release was reached after 9 h. The fact that the nanogels were slightly 
brownish in color after exposure to air for 2 days (Figure S3) additionally indicates that the missing HRP (20 %) 
remains in the nanogels. We, therefore, calculated the cross-linking density of hydrogels and nanogels (see the 
Supporting Information). The mesh size for hydrogels was found to be 4.9 nm while we calculated the average 
mesh size of HS-PG nanogels to be 3.0 nm. Since the radius of gyration of HRP is in the range of 2.5 - 3 nm, 
these calculations support the different release profiles of HRP. This may eventually be exploited for combination 
therapies with drugs that are activated through oxidation with HRP.20 HRP release from hydro- and nanogels 
showed in all cases catalytic activity above 90 % in comparison to the pure enzyme control (Figure 5). Enzymatic 
activity is thus maintained after the thiol oxidation reactions, and the cross-linked network provides a suitable 
environment for enzyme encapsulation. 
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Figure 4. HRP release profiles and activity assays from bulk hydrogels (top) and nanogels (bottom). 
 
Figure 5. a) UV spectra of HRP, the FAM-labeled peptide sequence CGGKTFFYGGSRGKRNNFKTEEY, and 
peptide-conjugated HS-PG nanogels prepared by HRP-mediated oxidation; b) cryo-SEM image of peptide-
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labeled nanogels (diameter: 200–350 nm). c, d) Fluorescence microscopy images of the peptide- conjugated 
nanogels in solution before (c) and after (d) reduction with glutathione. 
In order to demonstrate the cytocompatibility of the cross-linking method and the possibility of using this system 
for cell encapsulation, L929 cells were embedded in HRP-cross-linked hydrogels and analyzed with live/dead 
staining after 1 and 18 h of cell culture (Figure S4). These first experiments revealed high cell survival rates and 
underline the cytocompatibility of the cross-linking method and the hydrogels. The cytocompatibility of the 
different nanogels (1 mg mL−1 and 0.1 mg mL−1) was confirmed by cell activity assessment (WST test) using a 
human dermal fibroblast culture after 24 and 48 h of incubation (see the Supporting Information). 
The HRP-mediated cross-linking of thiofunctional polymers can also be used to generate functionalized nanogels 
in a one-step procedure. We demonstrate this by adding the carboxyflourescein (FAM)-labeled model peptide 
sequence CGGKTFFYGGSRGKRNNFKTEEY to the nanogel preparation. This peptide bears an N-terminal 
cysteine that allows HRP-mediated covalent conjugation of the peptide to the nanogels. Figure 5 a shows UV 
spectra of native HRP, the FAM-labeled peptide, and the peptide-conjugated HS-PG nanogels after centrifugation 
and subsequent dialysis. Native HRP shows an intense band at 403 nm in aqueous solution (Soret band) which is 
characteristic for heme-containing moieties, while the peptide exhibits a maximum at 488 nm due to the presence 
of FAM. In the spectra of purified nanogels, both bands are present, confirming enzyme encapsulation and the 
presence of the conjugated peptide. The labeling efficiency of the peptide estimated from a standard absorbance 
calibration curve measured at the 475 nm was 56 %. 
The redox sensitivity of peptide-labeled nanogels was demonstrated by degradation in the presence of 
glutathione (GSH), a tripeptide with a free thiol group which readily cleaves disulfides to thiols and is one major 
component of the cytosolic redox buffer.21 Owing to the presence of FAM in the conjugated peptide, this process 
could be visualized by fluorescence microscopy. Before the degradation, particles were examined by cryo-SEM 
(Figure 5b) and by fluorescence microscopy (Figure 5c) where they appear as individual bright green spots on the 
dark background. This implies that the peptide is conjugated to the particles and the nonbound peptide was 
successfully removed by dialysis. Upon GSH addition to a final concentration of 10 mM, the fluorescent signal is 
spread, as shown in Figure 5d, which depicts a homogeneous green background indicative of nanogel 
degradation. 
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In order to exploit the mild cross-linking conditions during nanogel formation, we loaded HRP-cross-linked 
nanogels with β-galactosidase (β-Gal), a 464 kDa homotetrameric protein that catalyzes the hydrolysis of β-
galactosides into monosaccharides. This large protein is inactivated by the formation of intermolecular disulfide 
bonds22 and is thus functionally sensitive towards oxidative conditions. While encapsulation efficiencies were only 
40–43 %, we could obtain nanogels in which after loading, purification, and degradation of the particles, 83–85 % 
of β-Gal activity was retained (Table 1; for more parameters and an extended discussion see the Supporting 
Information). Despite the suboptimal encapsulation efficiency, this data shows that oxidation-sensitive large 
proteins can be encapsulated by our method with very good preservation of protein function after release. 
Table 1. Loading, encapsulation efficiency, and activity of β-Gal. 
β-Gal 
inserted [mg] 
Nanogel 
loading [mg] 
Encapsulation 
efficiency [%] 
β-Gal 
activity [%] 
7.5 3.2 43 85 
15.0 6.1 40 83 
 A1.4. Conclusions. We have shown that HRP can be used for the mild enzymatic cross-linking of thiofunctional 
polymers to give hydrogels and nanogels without the need for added hydrogen peroxide. Cells can be 
encapsulated into hydrogels without loss of vitality, and cytocompatible and peptide-functionalized nanogels can 
be prepared in a one-step reaction by the addition of thiol-functionalized peptides during nanogel preparation. 
These nanogels show redox-sensitive degradation behavior in reductive cytosol-like environments and we have 
demonstrated the loading and functional release of the large model protein β-galactosidase with the nanogels 
using HRP cross-linking. These nanogels are thus promising candidates as controlled delivery systems. 
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Supporting Information for Appendix 1 
Comparison of HRP and hydrogen peroxide regarding mechanical properties of the resulting gels. As 
comparison to HRP cross-linked gels (see Fig. 1), an oscillatory rheological analysis with H2O2 instead of HRP as 
oxidizing agent was performed (Fig. S1). Gelation of HS-PG precursors in the presence of H2O2 is slower than 
the HRP-mediated process, but both processes yield elastic network formation. 
 
Figure S1. (Left) Elastic (G´) and viscous (G´´) modulus during gelation of HS-PG in the presence of H2O2. 
(Right) the changes in G´ and G´´ of the same sample after time sweep test as a function of frequency. 
 
Mesh Size Calculation. The average mesh size (distance between two entanglement points) ξ  for bulk 
hydrogels was calculated from elastic modulus G´ based on Rubber Elasticity Theory (RET) through the following 
equation S1: 
  
1
3´( )AG N
RT
ξ −=   Eq. S1 
Where G´ is the elastic modulus, NA, R and T have their usual meanings. 
There are several methods of estimating the mesh size of a nanogel; however, the Flory-Rehner model was 
selected due to the difficulty of measuring such parameters as the relaxed volume for different models (i.e., for 
the Peppas–Merrill or Brannon–Peppas equation). Thus, these values are rough estimates of the actual values. 
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Following the calculation of the ratio of swollen mass to dry mass, q, the polymer volume fraction in the swollen 
state, v2, s was calculated with equation S2: 
  2,s
w
mv
v
mv mq ρ
=
+
          Eq. S2 
Where m is the mass of dry nanogel particles, v  is the specific volume of the polymer (0.785 g/cm3), and wρ is 
the density of water. The average molecular weight between cross-links was calculated through the following 
equation S3: 
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Where is the molar volume of the swelling agent (for water; 18 cm3/mol), is the Flory polymer-solvent interaction 
parameter (0.25 for PG) and nM  is the molecular weight number average of the polymer chains before cross-
linking. Once cM  was known, the mesh size can be calculated from equation S4: 
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    Eq. S4 
Where is the Flory characteristics ratio (14.6 for vinyl polymers), is the average molecular weight of the repeating 
units, and l is the length of the bond along the polymer backbone (0.154 nm for vinyl polymers). 
 
HRP activity assay. The enzyme activity assays of the released HRP from the cross-linked networks were 
performed by means of the well-established procedure of HRP mediated pyrogallol oxidation to purpurogallin.S1 
The purpurogallin, which is yellow in color can be readily detected spectrophotometrically at 420 nm. One unit of 
peroxidase is defined as the amount of enzyme required to catalyse the production of 1 mg of purpurogallin from 
pyrogallol in 20 seconds at 20°C under the assay conditions described. 
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Prior to measurements the release of the HRP from hydro- and nanogels was performed as followed. Hydrogel 
samples were immersed at 25 °C in 10 mL of PBS buffer at pH = 6. Subsequently after 1, 4, 8, 12, 24 h the buffer 
solution was carefully replaced by same amount of fresh solution. After repeated washing steps nanogel particles 
were re-suspended in 10 mL PBS buffer at pH = 6 at 25 °C. At an interval of 1, 4, 8, 12, 24, 36, 48, 52 and 72 h 
nanogels were centrifuged and then again were re-suspended in fresh buffer solution. The extracted amount of 
HRP during the washing was subtracted from the final value. The release was monitored spectrophotometrically 
for all the supernatants obtained from hydro- and nanogel samples. Since the activity of enzyme is proportional to 
the concentration of active enzyme, this method was also used to determine the amount of active enzyme which 
was not released from the hydrogel and nanogels. For measurements, in 3.0 mL of reaction mixture for each 
blank and sample, the final concentration of 14 mM PBS buffer, 0.027 wt% hydrogen peroxide and 0.5 wt% 
pyrogallol was present. To achieve a temperature control both mixture in cuvettes were incubated in 
spectrophotometer at 20 °C for 4 min. Then 100 μL of PBS and 100 μL diluted HRP were added respectively. The 
change in the absorbance was continuously recorded against the corresponding control containing all of the 
reagents, except peroxidase, at 20 °C. The initial velocity was recorded by the absorbance-time curve. The 
concentration of HRP was kept so dilute that a ΔA/min was in the range of 0.02 to 0.04. The measurements were 
started immediately and colour densities of product solution were measured at 420 nm for 3-4 min. The values 
obtained in the blank reactions performed in the absence of enzyme were subtracted from all the readings. Figure 
S2 shows typical ΔA/min for the assay of HRP released from HS-PG-nanogels. 
 
Figure S2. a) Typical UV-Vis spectra of HRP released from HS-PG-nanogels (release time was 24 h). The 
spectra from bottom to top were obtained at 30 s intervals (b) linear fit of the absorbance recorded at 420 nm. 
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Peptide conjugation to HS-PG nanogels. Carboxyfluorescein labelled, cysteine terminated 
CGGKTFFYGGSRGKRNNFKTEEY peptide was used as a model peptide for HRP mediated covalent attaching 
to HS-PG nanogels. Prior to conjugation the peptide was reduced using immobilised TCEP. For coupling, 1 mg of 
peptide (3.096 × 10-4 mmol) was dissolved in miniemulsion aqueous phase during nanogel formation keeping the 
rest of the parameters as described above. After nanogel purification the amount of conjugated peptide was 
quantified by means of UV-Vis method. The absorption spectra were recorded between 300-600 nm with λmax at 
475 nm by making a standard curve for increasing peptide concentration. Total amount of the conjugated peptide 
was determined by measuring the absorbance of the nonconjugated peptide present in the supernatant and 
subtracting this value from the total amount used for coupling. Nanogel degradation. Peptide labelled nanogels 
(100 mg) were degraded in the presence of water soluble reducing agent GSH (10 mM) in PBS buffer (10 mL) pH 
= 7.4 at 37 °C. 
Nanogel degradation. Peptide labelled nanogels (100 mg) were degraded in the presence of water soluble 
reducing agent GSH (10 mM) in PBS buffer (10 mL) pH = 7.4 at 37 °C imitating the biological conditions. Optical 
fluorescence microscopy was used for imaging of peptide conjugated particles before and after reduction. Images 
were recorded at 20-fold magnification and 50 ms exposure time (Figure S3). 
 
Figure S3. Nanogel suspensions before (A, C) and after (B, D) reduction with GSH, prepared by cross-linking 
with H2O2 (A, B) or HRP (C, D). The picture of particles prepared by the HRP mediated cross-linking was taken 
after 72 h HRP release studies. Slightly brownish color of these particles indicates HRP remaining in the particles. 
In contrast nanogels prepared by the cross-linking with H2O2 show white-milky coloration. 
Appendix 1 – Redox Sensitive Hydrogels and Nanogels through Enzymatic Cross-Linking 
 
 
165
Cell encapsulation in the hydrogel. Cell encapsulation in the hydrogel was done in a double-layer approach. 
First SH-PG (0.025 g, 5.55 × 10-3 mmol) was dissolved in 70 μL buffer at pH 8.5. To this solution HRP (0.0003 g, 
7.5 × 10-7 mmol) was added. The mixture was mixed thoroughly and was poured into the well plate. After 1h of 
incubation of the hydrogel, SH-PG (0.015 g, 3.34 × 10-3 mmol) dissolved in 40 μL buffer at pH 7.4 mixed with 
HRP (0.00018 g, 4.5 × 10-7 mmol) and 300 000 L929 mouse fibroblasts (ATCC CCL-1) were added on top of the 
pre-gelling hydrogel. Complete gelation of hydrogel with encapsulated cells took place within 1h. This two-layer 
approach ensured that no cells were in contact with the bottom of the well plate. Afterwards the gel was swollen 
in 1 mL DMEM plus 10 % FCS, 1 % penicillin/streptomycin, 1 % HEPES buffer, (Invitrogen, Karlsruhe, Germany) 
and live/dead viability staining (LIVE/DEAD staining kit, Invitrogen, Karlsruhe, Germany) of the cells was 
performed according to manufacturer’s protocol after 1h and 18h. 
 
Scheme S1: Workflow of L929 cell encapsulation into the gels 
Short term cell culture of up to 18 h showed very good cell viability as demonstrated by live/dead staining where 
green fluorescence indicate vital cells whereas red fluorescence shows permeability of the cell membrane and 
indicates dead cells (Figure 2). Green fluorescence of the cells underlines membrane integrity and shows vitality 
of the vast majority of cells (>98% after 1 h and >90% after 18 h). 
 
Figure S4: Typical fluorescence microscopy images of live/dead stained L929 cells after 1 h (left) 18 h (right). 
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Cytocompatibility assessment of the nanogels. 
Experimental. Human fibroblast cell line 84-9 derived from a haemophilia patient was seeded in 48 well tissue 
culture plates (25000 cells per well in 500 μL DMEM with 10 % FCS, 1 % penicillin/streptomycin, 1 % HEPES 
buffer, all from Invitrogen Life Technologies, Karlsruhe, Germany). The cells were incubated for 24 h at 37 °C in a 
5 % CO2 humidified atmosphere. Three different nanogel samples were tested for their cytocompatibility: 
Nanogels where polymerization was solely mediated by HRP as prepared (HRPap), nanogels prepared with HRP 
catalysis followed by dialysis against distilled water (HRPdia) as well as nanogels where cross-linking was 
catalysed with H2O2 as prepared (H2O2ap). All nanogel samples were dialysed against DMEM without additives for 
24h. After that FCS, pen/strep, and HEPES were added in the adequate amount and the samples were diluted 
1:10 and 1:100 to reach solutions with 1 mg/mL and 0.1 mg/mL of nanogel. In addition, cytocompatibility of plain 
HRP (0.85 mg/mL solution diluted 1:10 and 1:100 respectively, HRPsol) was determined. The culture medium was 
aspirated from the cells and 500 μL of the dialysed nanogel and the HRP solutions respectively were added per 
well and incubated for 24 and 48 h at 37 °C in a 5 % CO2 humidified atmosphere. Cells cultured in DMEM without 
any nanogel or HRP served as control. Cytocompatibility of nanogels with 1 mg/mL and 0.1 mg/mL concentration 
was evaluated by means of LIVE/DEAD staining kit (L3224, Invitrogen Life Technologies, Karlsruhe, Germany), 
determination of cell activity using the WST reagent (Roche Diagnostics, Mannheim, Germany) according to DIN 
EN ISO 10993-5 as well as cell counting. For LIVE/DEAD staining, cells were washed two times with PBS and 
incubated with 200 μL per well of the staining solution (2 μmol calcein and 1 μmol ethidium-homodimer in PBS) 
for 30 min. Afterwards, the cells were analyzed by means of fluorescence microscopy (Axioimager M1, Zeiss, 
Germany). For WST cell activity test, the cells were incubated with the WST reagent 1:10 in supplemented 
DMEM for 30 min at 37 °C. The absorption of the supernatant was quantified in a Tecan spectra fluor plus 
photometer (Tecan, Crailsheim, Germany) at a wavelength of 450 nm. Cell counting was performed using a 
CASY cell counter (Roche, Diagnostics, Mannheim, Germany). Samples for cell activity and cell counting were 
measured in quadruplicate. The average and standard deviation were calculated using Microsoft Excel.  
Results. Nanogels prepared by HRP catalysis (HRPas, HRPdia), nanogels prepared through H2O2 mediated 
cross-linking (H2O2ap) at concentrations of 1 mg/mL and 0.1 mg/mL as well as the used HRP solutions (HRPsol) 
were assessed for cytocompatibility using human fibroblast cell line 84-9. After incubating the cells for 24 and 48 
h, LIVE/DEAD staining showed no differences in cell viability comparing control cells to nanogel treated cells. Cell 
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activity as assessed by the WST test was calculated in relation to cell numbers as relative absorption per cell. 
Cells incubated with the three different kinds of nanogels showed no significant decrease in cell activity compared 
to control cells after 24 h and 48 h. Addition of 1 mg/mL of dialysed nanogel (HRPdia) and nanogel with H2O2 
(H2O2ap) to the cell culture medium resulted in a pronounced increase of cell activity after 24 h that lowered again 
after another 24 h. Cells supplemented with HRPsol showed a decrease of cell activity after 24 h. After 48 h cell 
activity increased again to levels similar to the ones of control cells. Nanogels prepared with HRP and H2O2 did 
not affect cell activity and viability negatively. The results show that during the course of incubation no cytotoxic 
compound was released and that the nanogels proper are cytocompatible (Figure S4). 
 
Figure S5: WST activity per cell after incubation of the different nanogel samples on human fibroblasts for 24 h 
(left) and 48 h (right). 
β-Galactosidase loading and activity assay 
Loading. For encapsulation of β-Galactosidase (β-Gal) in the nanogels, the procedure was essentially the same 
as the preparation of unloaded nanogels except that 5wt% and 10wt% of the enzyme with respect to the polymer 
weight were dissolved in the initial aqueous phase while synthesising nanogels. 
Enzyme activity assay. Efficiency of enzyme encapsulation and enzyme activity were determined according to 
the ortho-nitrophenyl-β-D-galactopyranoside (ONPG) assay for β-Gal1. The enzyme β-Gal plays an important 
role in cellular metabolism by breaking down lactose into glucose and galactose. Enzymatic activity of β-Gal can 
be indirectly measured using the lactose analog ONPG which is cleaved by β-Gal to o-nitrophenyl (ONP) which 
has a yellow color. The absorbance of ONP can quantitatively be measured at a wavelength of 420 nm 
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spectrophotometrically. 1 unit of β-Galactosidase is defined as the amount which hydrolyzes 1 μmol of ONPG to 
o-nitrophenol and D-galactose. The assay was performed in a Z-buffer at pH 7.0. For making 500 mL Z buffer: 
150 mL 0.2 M Na2HPO4, 100 mL 0.2 M NaH2PO4, 5 mL 1 M KCl, 5 mL 0.1 M MgSO4 were added in 240 mL of 
distilled water. Just before using, β‐mercaptoethanol (35 μL per 10 mL Z buffer) was added. ONPG concentration 
was kept at 4 mg/mL while 1M Na2CO3 was prepared to stop the reaction. A calibration curve for the ONPG 
assay was obtained for 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 mg/mL of β-Gal. 200 μL of β-Gal was 
added to 1000 μL of Z-buffer and incubated for 2 min at 37°C. Subsequently, 200 μL of ONPG was added and 
the mixture was again incubated at 37°C. The reaction was allowed to proceed for 3 min and then was stopped 
with the addition of 500 μL of 1M Na2CO3. Immediately the absorbance was measured at 420 nm. Blank 
measurements were made in a similar way without addition of the enzyme and values were subtracted from all 
the readings. For estimation of β-Gal loading in the nanogels, supernatant from the washing of 5 wt% and 10 wt% 
of β-Gal loaded nanogel was analysed as stated above. The unloaded amount calculated from the supernatant 
was subtracted from the amount of β-Gal used for loading and actual loading in the nanogels was estimated. All 
the measurements were performed in triplicate. For activity estimation of loaded β-Gal in the nanogel, loaded and 
unloaded nanogels were reduced as stated before. Reduced nanogels solution was dialysed for 12h through a 10 
000 MWCO membrane. The ONPG assay was performed and absorbance was measured at 420 nm. As a blank 
correction, measurements made with unloaded nanogels were subtracted from the loaded ones. The activity of 
the enzyme was calculated according to equation S5: 
 
420 1.9
0.0045
OD xActivity
tV
=    Eq. S5 
Where 1.9 = total volume in cuvette in mL, t = time of reaction, V = volume of β-Gal used for analysis in mL, 
0.0045 OD420/nmol = ε420 ONP, path length = 1 cm; Activity = nmol / min. 
Results. The bacterial enzyme β-Galactosidase (β-Gal) catalyzes the breakdown of the disaccharide lactose into 
the monosaccharides galactose and glucose. For an assay for β-Gal activity the synthetic substrate ortho-
nitrophenyl-β-D-galactopyranoside (ONPG) with a similar structure to lactose was chosen. ONPG gets cleaved in 
presence of β-Gal yielding onitrophenol (ONP) which is yellow in the anionic form and colourless galactose. The 
amount of ONP formed can be measured by determining the absorbance at 420 nm and is proportional to the 
amount of β-Gal and the time of the reaction. The reaction is stopped by adding Na2CO3 which shifts the reaction 
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mixture to pH 11. At this pH ONP is quantitatively converted to the yellow coloured anionic form and β-Gal is 
inactivated. 
 
Scheme S2: Reaction of of β-galactosidase with ONPG substrate 
 
Figure S6: Typical UV-Vis spectra of ONPG assay of β-galactosidase with concentrations in range of 0.5mg/ mL 
to 5 mg/ mL (left panel) and linear fit of the absorbance recorded at 420 nm (right panel). 
Table S1. β-galactosidase encapsulation efficiency and activity estimation 
β-Gal 
loading 
[wt%] 
β-Gal 
loaded 
[mg] 
Loading 
Estimated 
[mg] 
Encapsulation 
efficiency [%] 
% Activity 
Z-Average 
[nm] 
PDI 
5 7.5 3.2 43 85 310±35 0.43±0.09 
10 15 6.1 40 83 405±25 0.40±0.05 
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β-Gal activity was retained in the range of 83-85%. Prior to loading of β-Gal in nanogels, stability of only β-Gal 
was checked with and without sonication for 120s, the time required for preparation of nanogels via miniemulsion, 
and it was found that 2.5% activity of the enzyme decreased by sonication. However, there are several other 
factors like temperature, organic solvents, etc. which may also affect protein activity during nanogel preparation. 
The encapsulation efficiency of β-Gal in the nanogels was estimated to 40-43%. Low encapsulation efficiency 
could be attributed to the steric hindrance caused by HRP which also gets encapsulated during the nanogel 
synthesis. 
REFERENCES. 
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Appendix 2 
 
Magnesium Ions and Alginate Do Form Hydrogels: A Rheological 
Study† 
Our study shows that magnesium ions which have so far been considered as non-gelling ions for alginate do 
induce alginate gelation. Rheology is used to examine effects of alginate chemical composition as well as 
alginate and magnesium ion concentration. Gelation in this system occurs at ca. 5–10 times higher concentration 
of ions than reported for calcium-based gels. Alginate network formation with magnesium ions is very slow and is 
typically accomplished within 2–3 hours. Gelation with magnesium ions is also strongly dependent on alginate 
chemical composition as the presence of long guluronic units privileges faster gel formation. 
 
 Keywords. Alginate, magnesium ions, rheology, gels 
 
†This chapter was publised in Soft Matter, 2012, 8 (18), 4877-4881 
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A2.1. Introduction. Alginate is an unbranched polysaccharide composed of a block copolymer of (1-4)-linked β-
D-mannuronic acid (M) and its C-5 epimer α-L-guluronic acid (G) residues in varying sequential arrangements 
and proportions.1 It is widely utilized in the fields of biotechnology and biomedical engineering due to its nontoxic, 
nonimmunogenic, and biodegradable structure, and its mild and cytocompatible gelling conditions that allow cell 
encapsulation.2–5 Alginate gels are prepared either by lowering the pH below the pKa value of the uronic acid 
residues leading to alginic acid gels or in the presence of multivalent ions like Ba, Sr, Ca and Co ions through 
ionotropic gelation.6,7 These multivalent ions interact with alginate, resulting in ionic bridges between the chains, 
and ultimately give rise to a three-dimensional network structure. Ca2+ ions are mainly used for alginate gel 
formation, and the gelation mechanism of alginate over Ca2+ is commonly explained by the egg-box model.8 In 
this model, guluronic acid blocks possess structural features allowing strong complexation with Ca2+ ions, which 
are embodied in cavities of stiff alginate chains like eggs in a cardboard egg box. 
Numerous alginate hydrogels have been obtained with various divalent ions except for Mg2+.9,10 Generally, the 
physicochemical characteristics of Mg–alginate solutions strongly depend on alginate composition, especially on 
the ratio of mannuronic to guluronic residues in the alginate backbone.11 Recently, Donati and co-workers 
reported that alginate preferentially interacts with Mg2+ ions along the sequence guluronan > polyalternating > 
mannuronan, and described Mg2+ ions as diffusively bound rather than the strongly site-bounded ions such as 
Ca2+.12 Although a limited amount of experimental data on Mg–alginate systems are available, literature generally 
reports that gelation does not occur due to the lack of strong polymer–ion interactions.11,12 
In this communication, we show the gelation of alginate with Mg2+ ions by rheological studies with a special 
emphasis on the influence of Mg and alginate content as well as alginate chemical composition. Our results 
clearly show that blockiness of guluronic units plays a crucial role similar to the well-known Ca–alginate gelation. 
Additionally, higher alginate and Mg2+ contents lead to faster gelation and the formation of stronger gels. 
A2.2. Results and Discussion. Sodium alginate powders from three different sources, namely AppliChem, 
Sigma Aldrich and Fluka (Table 1) were purified by dialysis against ultrapure water using a Spectra/Por dialysis 
membrane with a molecular weight cut-off of 25 kDa. All samples were freeze-dried yielding a white solid. Dried 
alginate samples were then dissolved in distilled water by mixing for 1 day for homogenization. Mg–alginate gels 
were prepared by mixing for 10 min with an appropriate volume of Mg2+ solution of a given concentration and 
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then kept at room temperature for 24 h. Following this procedure, the contents of alginate (from 0.5 to 8 wt%) and 
Mg2+ ions (10–400 mM) were systematically varied. All gels prepared in this way were macroscopically 
homogeneous, clear and transparent. If not stated otherwise, the sample from AppliChem (denoted as A) is 
selected as an example alginate and used in all tests. Dynamic rheological measurements were performed with a 
Bohlin CVR-50 rheometer in the oscillation mode. The gelation reactions were carried out in the rheometer 
between parallel plates (40 mm) with a gap size of 500 μm at 25 °C for 24 h. A thin film of silicone oil covering the 
sample perimeter was used to prevent solvent evaporation at long measurement times.13 Deformation amplitude 
and frequency were set to 0.01 and 1 Hz, respectively to ensure that the oscillatory deformation is within the 
linear viscoelastic regime, where the dynamic elastic modulus (G′) and viscous modulus (G′′) are independent of 
strain amplitude (see Fig. S2). When a material undergoes sol–gel transition, the elastic modulus G′, a measure 
of reversibly stored deformation energy, and the loss modulus G′′, a measure of irreversibly dissipated energy, 
change. To follow the time-dependent cross-linking process of alginate–Mg2+ mixtures, rheological 
measurements were performed at a fixed frequency ω and amplitude (strain) γ.  
 Table 1. Chemical compositiona and molecular weightb of the alginate samples used in the study 
Sample 
Designation FG FM FGG FMM NG>1
c
 D Mn (g mol-1) (x 103) 
Sample A 0.42 0.58 0.26 0.41 7.16 3.2 157 
Sample F 0.67 0.33 0.54 0.20 11.4 3.8 172 
Sample S 0.34 0.66 0.16 0.47 4.52 3.78 124 
 aFG and FM show the proportion of guluronic acid and mannuronic acid, respectively. FMM and FGG indicate 
the proportion of alginate consisting of mannuronic acid and guluronic acid in blocks of dimers. These values 
were determined by 1H-NMR, following ASTM F2250-10 standard test. b Average molar mass (determined by 
GPC, using 0.1 M Na2HPO4 aqueous solution as the elution and narrowly distributed PEO as the standard). c 
Number average of block length is calculated as previously reported by ASTM F2250-10 standard. 
 A typical gelation profile for an alginate solution of 5 wt% in the presence of 100 mM Mg2+ measured at 1 Hz is 
shown in Fig. 1. The semi-logarithmic plot was chosen for clearer representation of the changes in G′ and G′′ at 
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longer reaction time. Initially, the alginate solution shows G′′ > G′ with values of 190 and 110 Pa, respectively. 
Both moduli gradually increase as a function of time, suggesting the slow occurrence of interactions between the 
alginate chains. After 24 h, G′ (1800 Pa) has surpassed G′′ (825 Pa), indicating that gelation has occurred. Exact 
gelation times at given alginate and magnesium ion concentrations were determined from time profiles at different 
frequencies. The loss tangent tan δ (= G′′/G′) represents the ratio of dissipated energy to stored energy during 
one deformation cycle. According to the gel point (GP) criterion, GP is identified as the point where a frequency-
independent value of the loss tangent is first observed (Fig. 2, left).14 Curves measured at different frequencies 
pass the same point at one time, which corresponds to the gelation point, and gelation time (tg) is the duration 
from the mixing of gel components until the gel point (GP) is reached. Additional information on gelation 
characteristics was observed on the basis of frequency sweep measurements. Gelation of AppliChem alginate 
did not occur for polymer content lower than 3 wt% or Mg2+ concentration below 50 mM (Fig. 3). Below the 
gelation threshold (regardless of alginate or Mg2+ concentration) G′ and G′′ reveal direct dependence on 
frequency typical for viscoelastic fluids, i.e. in log–log plots the slopes of G′ and G′′ are close to 2 and 1, 
respectively in the terminal region. On the other hand, when critical alginate and magnesium concentrations have 
been reached, G′ becomes higher than G′′ with a crossover frequency strongly shifted to very low frequency (not 
visible in the investigated frequency range), indicating formation of viscoelastic gels.15 On the basis of collected 
data, we constructed sol–gel transition diagrams as a function of alginate and magnesium ion concentrations as 
well as gelation times (Fig. 2). Generally, the higher the alginate content, the larger is also the elastic modulus of 
the gels. For instance, when the alginate concentration increases from 3 to 8 wt%, G′ increases from 1300 to 
3000 Pa. This is in good agreement with previous rheological studies showing that Ca2+–alginate gel strength is 
related to the alginate content.16 It is also well known that the strength of ionic gels increases with the divalent ion 
content in a similar manner as described for alginate content change.17 We thus expected that a higher Mg2+ 
content leads to formation of stronger gels. However, we found that Mg2+ content higher than 100 mM resulted in 
slight decrease of elastic modulus due to excess amount of Mg2+ (Fig. 2 and Table 2). A similar phenomenon was 
also observed for Ca–alginate gels and other physically cross-linked polysaccharide gels such as gellan and 
kappa-carrageenan hydrogels.18–23 Higher ion contents lead to heterogeneous network formation or 
destabilization of the helical structure and, therefore, decrease mechanical properties of hydrogels. This 
phenomenon may be explained over the effect of ion concentration: at low ionic strength the polysaccharide 
helices are stabilized by ions whereas at high ionic strength, the clustering of helices into a progressively smaller 
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number of progressively larger aggregates induces non-homogeneous network formation. It should be also 
emphasized that the content of Mg2+ ions influences gelation time much stronger than alginate concentration. For 
example, the gelation times of 5 wt% alginate solutions with 100 mM and 200 mM Mg2+ are 105 min and 25 min, 
respectively. On the other hand, with increasing alginate content from 4 to 8 wt%, tg decreases from 118 to 60 
min, respectively. On the contrary, Ca–alginate gels are generally prepared at lower alginate (1 wt%) and Ca2+ 
ion (<10 mM) contents within seconds, and the gelation can be tuned by tailoring Ca2+ ion release using D-
glucono-δ-lactone (GDL) and CaCO3.24 To summarize, the gelation time depends on alginate and magnesium 
concentration and decreases with increase of concentrations of both alginate and cross-linker ratios. We also 
investigated the effect of gelation temperature for samples prepared at 5 wt% of alginate and 100 mM Mg2+ 
concentrations. With increase of gelation temperature from 15 over 25 to 40 °C, a decrease in G′ was observed 
(Fig. S3, see Supporting Information) since low temperatures reduce the diffusion rate of Mg2+ ions, which leads 
to slower gelation and a more ordered network structure with enhanced mechanical properties.25 
 
Figure 1. Elastic modulus (G′) and loss modulus (G′′) during the gelation of alginate in the presence of Mg2+ ions 
at 25 °C. Calg = 5 wt%, CMg = 100 mM, ω = 1 Hz, γ = 0.01. The inset figure is a magnified view of the initial 
changes in both moduli. 
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Figure 2. Viscoelastic loss tangent tan δ as a function of time for the frequencies indicated at an alginate 
concentration of 5 wt% in the presence of 100 mM Mg2+ (left). Elastic modulus G′ at 24 h (open symbols) and 
gelation time tg (filled symbols) in the presence of various amounts of Mg2+ (at 5 wt-% alginate content) and 
alginate (at 100 mM Mg2+). T = 25 °C, ω = 1 Hz, and γ = 0.01. The marked area shows the region where the 
alginate solutions did not form gel. 
 
Figure 3. G′ (filled symbols) and G′′ (open symbols) of alginate solutions and gels at 25 °C as a function of 
frequency (ω) after 24 h gelation process at the different alginate concentrations, CMg = 100 mM (upper graphs), 
and at different Mg2+ contents, Calg = 5 wt% (lower graphs) shown. γ = 0.01, T = 25 °C. G′ (filled symbols) and G′′ 
(open symbols) of alginate solutions and gels at 25 °C as a function of frequency (ω) after 24 h gelation process 
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at the different alginate concentrations, CMg = 100 mM (upper graphs), and at different Mg2+ contents, Calg = 5 
wt% (lower graphs) shown. γ = 0.01, T = 25 °C 
Table 2 Remarks on the solubility, elastic modulus and Mg2+ content of alginate gels prepared at different Mg2+ 
concentrations. 
Code 
Wt%  
(sample A) 
mM  
(MgCl2) 
Visual state  
(24 h later) 
Time for solubilitya  
(h) G′ (at 24 h) (Pa) 
Mg2+ contentb  
(μg g−1) 
A-30 5 30 Sol — 68 N.D. 
A-50 5 50 Gel 2.5 (±0.5) 480 1078 (±18) 
A-70 5 70 Gel 2.5 (±0.5) 1365 1508 (±49) 
A-90 5 90 Gel 2.5 (±0.5) N.D. 1831 (±18) 
A-100 5 100 Gel 3 (±1) 1800 2031 (±29) 
A-200 5 200 Gel 3.5 (±0.5) 1503 4002 (±66) 
A-300 5 300 Gel 3.5 (±1) 1375 6135 (±118) 
 
a
 Based on experimental observation by the naked eye. b Mg2+ ion concentration in alginate gels was measured 
by ICP-OES (Perkin Elmer – Plasma 400 Sequential ICP-OES spectrometer). The values are means of two 
parallels ± SD. N.D.: not determined. 
Representative images of gels prepared from alginate of different origins symbolized as sample A (AppliChem 
GmbH), sample S (Sigma Aldrich, A-2033) and sample F (Fluka, 71238) are shown in Fig. 4 with alginate 
concentration set to 3 wt% and 100 mM Mg2+. While gelation of alginate samples denoted as A and F was 
accomplished, sample S did not form a gel at these conditions. Importantly, sample F was the only one that 
yielded a hydrogel already at 2 wt% alginate concentration. Sample S formed a gel at alginate concentration of 4 
wt% (see ESI, Fig. S4). As interaction of magnesium ions with alginate is realized mainly through G units, our 
results might indicate that the alginate samples might differ in chemical composition. As a consequence, all 
samples were studied with NMR spectroscopy (Table 1). While the molecular weight of the alginates is 
comparable, sample F shows the highest G content followed by sample A, while the G content of sample S was 
the lowest with only about half the G content when compared to sample F. This corresponds to the trend 
observed for the chosen alginates to form gel at a given concentration. In the following, the influence of the G 
content was investigated at identical alginate and Mg ion concentrations during gel preparation. Initial G′ and G′′ 
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are almost identical, but with time, depending on guluronic acid fraction G in the alginate backbone, different 
gelation profiles are developed which confirm the tendency described above (Fig. 5). This difference highlights 
the importance of chemical composition in Mg–alginate gelation. As stated above, Ca–alginate gel strength 
correlates directly with the G content (FG) and also with the average number of consecutive guluronic acid units in 
G block structures (NG>1).26 NG>1 refers to the typical average length of guluronic acid blocks larger than 1, and 
closely correlates with gelling properties. Typical NG>1 values for the used alginate samples are shown in Fig. 5. 
Sample F has higher NG>1 and shorter gelation time in contrast to sample S, which has longer gelation time and 
lower NG>1. Similarly, sample S is characterized by lower NG>1 than sample A which underlines again the crucial 
role of NG>1 in the gelation of alginate with Mg2+ ions. Obviously, the length of G sequences or in other words its 
blockiness is more important than the total amount of G units and indicates that cooperative binding is relevant. 
The difference in FG between AppliChem and Sigma samples is only around 20%, but when one takes into 
account the difference in NG>1 which is almost 40%, the strong difference in gelation becomes clearer. We thus 
ascribe different gelation profiles to the differences in chemical compositions and blockiness of G units of alginate 
samples. This argumentation is supported by similar findings reported by Donati et al. (2009).12 They describe a 
strong compositional dependence of Mg2+ affinity to alginate, and the corresponding free energy affinity of the 
alginate for Mg2+ ions, which results in a strong dependency of affinity on the frequency of the different 
sequences in alginate. Mg2+ ion affinity was increased along the series mannuronan < polyalternating < 
guluronan. 
 
Figure 4. Representative pictures of gels from different alginate sources 24 h after preparation (CMg = 100 mM). 
Insets show gels in the vertical position. 
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Figure 5. G′ (filled symbols) and tan δ (open symbols) as a function of time for different alginate systems at 25 
°C. Calg = 6 wt%, CMg = 100 mM, ω = 1 Hz, γ = 0.01. 
Mg–alginate gels are not stable in water and dissolve fast (Table 2 and ESI Table S1). Gels were prepared with 
different alginate and Mg2+ concentrations at room temperature for 24 h. Higher alginate content increases the 
time needed for dissolution. For instance, 3 wt% alginate sample dissolves in 2.5 h, while 8 wt% alginate in 5 h. 
However, an increase of Mg content about two-fold (from 50 to 100 mM) did not yield a significant change in the 
dissolution time, while elastic moduli of corresponding gels increase about 4-fold (from 480 to 1800 Pa) (Table 2). 
The possible mechanism behind the dissolution of alginate gels may be related to the weak interactions between 
Mg2+ ions and alginate chains and the slow exchange of this cation with other ions which leads to increased 
osmotic pressure within the hydrogel, gel swelling, and subsequent rupture. A similar phenomenon was also 
reported for physically cross-linked gellan and poly(vinyl alcohol) (PVA) hydrogels, and the dissolution was 
attributed to the increase of the osmotic pressure and of the release of unassociated chains from the gel 
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network.27–29 The chain release could be tailored by changes in total surface area and volume of the gel, as well 
as with solvent volume. Unassociated chains are restricted to release out when immersed in salt solution due to 
the intrusion of cations which is responsible for further association of the unassociated chains or the dissolution 
could be stopped after releasing of the chains into outer water in a limited amount of water reaching the final 
equilibrium state as stated for physically cross-linked PVA gels.29 This possible dissolution scenario could be 
responsible for the dissolution of Mg–alginate hydrogels, that is, dissolution could be started by the increase of 
osmotic pressure in the network, and the release of alginate chains which are unassociated with cross-linking 
domains and then, followed by total dissolution of the network. 
It was shown in many studies that mechanical instabilities of various divalent-alginate gels can be modulated by 
layer or coating formation with polycations, such as poly-L-lysine.30 In this work, the prepared Mg–alginate gel 
samples were simply immersed in calcium chloride solution (see ESI for details†), which introduced additional 
cross-linking of the hydrogel skin with Ca2+. The inner structure of the hydrogel of alginate content of 6 wt% is 
shown in the SEM images (Fig. 6). It can be seen that the internal structure of Mg–alginate hydrogels is porous 
while the introduction of calcium ions induced collapse of pores and solid skin formation. This membrane 
prevents the dissolution of the gels in water even during 24 hours after cross-linking. 
 
Figure 6. Cryo SEM images of the Mg–alginate gels without (A, a) and with (B, b) the Ca–alginate layer. 
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A2.3. Conclusion. In summary, this study concerned successful formation of Mg–alginate gels and study of their 
properties by rheology. The effects of alginate and Mg2+ ion contents, as well as guluronic acid content in the 
alginate, have been studied. The results clearly show that (i) the gelation of alginate with Mg ions is characterized 
by slow gelation profile and mainly dependent on blockiness of G units, (ii) the gelation time decreases with 
increasing concentration of alginate and Mg ion, (iii) higher alginate and Mg contents lead to formation of stronger 
gels, and (iv) higher G content gives alginate a stronger gel-forming potential. Although having higher elastic 
modulus, these gels are not stable in water, but dissolution can be prevented, for example, via a Ca–alginate 
layer. Other biocompatible hydrogel systems that are hydrolytically stable or degradable by enzymes may be 
used as stabilizing membranes so that degradation and release of active substances or cells can be tailored. 
Finally, the slow gel formation enables a longer time window for sample preparation, mixing, injection and in situ 
cross-linking, which makes these gels promising candidates for injectable in situ cross-linking hydrogels and 
responsive composite hydrogels.31,32 
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Supporting Information for Appendix 2 
 
Figure S1. 1H NMR spectra of alginates used in this work 
Swelling test: Mg-Alginate gels prepared in syringes (diameter 4.5 mm) at room temperature for 24 h and then, 
gels sliced into small pieces with a length of 10 mm. The prepared gels were immersed in vials filled with distilled 
water (10 mL). Dissolution of gels was observed as a function of time with the naked eye. Experiments were done 
in two replicates for each sample at room temperature of 23-25 °C. 
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Table S2. Remarks on the solubility of Mg-alginate gels: Effect of alginate concentration. 
Code 
wt % (Sample 
A) mM (MgCl2) 
Visual state 
(24 h later) 
Time for solubilitya 
(h) 
A - 2 2 100 Sol - 
A - 3 3 100 Gel 2.5 (±0.5) 
A - 4 4 100 Gel 3 (±0.5) 
A - 5 5 100 Gel 3.5 (±0.5) 
A - 6 6 100 Gel 4 (±0.5) 
A - 7 7 100 Gel 5 (±1) 
A - 8 8 100 Gel 5 (±1) 
                     a
 based on experimental observation by the naked eye. 
 
Figure S2. G´ (filled symbols) and G´´ (open symbols) of alginate gel at 25 oC as a function of strain γ at ω = 1 
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Figure S3. Changes in elastic moduli of Mg-alginate hydrogels prepared at different gelation temperatures 
indicated. Calg = 5 wt% and CMg2+ = 100 mM. 
The preparation of membrane alginate hydrogel and SEM characterization: Freshly prepared Mg-alginate gels 
were immersed in a solution of 0.1 wt% alginate sodium solution for 60 s under gentle agitation. Afterwards, gels 
were transferred into 0.2 M CaCl2 solution for 5 min. The intro-structure of hydrogels was observed by Hitachi S-
3000N SEM after water sublimation 
 
Figure S4. Representative pictures of alginate gels obtained by ionotropic gelation of Mg+2 with different alginate 
content after 24 h at room temperature. 
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Appendix 3 
Stimuli-Sensitive Microgels from Native Elastin: An Easy 
Approach for a Drug Release System† 
Thermo- and pH-responsive microgels were prepared from solubilized native elastin by cross-linking of the elastin 
lysine residues with poly(ethylene glycol) diglycidyl ether (PEG-DGE) and with bis(sulfosuccinimidyl) suberate 
(BS3). In the first case, a peptide-PEG conetwork was obtained whereas, in the second case, the elastin peptides 
were interlinked with hydrophobic bridges. The structure of the microgels was controlled by the ratio of cross-
linker to elastin and by performing the cross-linking reaction in an inverse minielemulsion, yielding particles with a 
diameter in the submicron range. Depending on the degree of crosslinking, the hybrid microgels exhibited a 
volume change transition at 37 and 35.5°C and pH responsivity in the range of 5–7 for microgels cross-linked 
with PEG-DE and BS3, respectively. This temperature- and pH-responsive behavior can be assigned to the well-
investigated coacervation of elastin peptides, demonstrating that the elastin functionality is abolished only by 
rather dense cross-linking. In spite of the broad distribution in the molecular weight of the elastin molecules, the 
microgels remained soluble. Light scattering and sedimentation experiments demonstrated that the coacervation 
occurred predominantly intramolecularly, i.e., by collapse in the core while the corona stabilized the colloidal 
dispersion against precipitation. Preliminary experiments were conducted to evaluate the suitability of these 
microgels for use as a drug-release system and demonstrated cytocompatibility, enzymatic degradability by 
elastase, and entrapping and slow release of a water-soluble biopolymer (Texas Red-labeled dextran with Mw = 
70 000). In summary, we present an easy entry to functional biohybrid microgels, where the responsiveness to 
temperature and pH can be exploited further for application of the microgel as a drug carrier.  
†This chapter was published in Advances in Polymer Science, 2013, 415-430. 
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A3.1. Introduction. Covalently crosslinked hydrogel particles of size in the nanometer to micrometer range (i.e., 
microgels), have found increasing interest for controlled and targeted drug delivery.1-3 These particles are soft 
colloids that are swollen by the aqueous medium in which they are dispersed. Typically, they have a gradient in 
the distribution of their cross-links, such that the corona contains more dangling ends and the cross-links are 
more densely distributed in the core. This gradient not only results in a gradient of the swelling but also in a 
gradient of the solubility/solubilization, mostly due to end-group effects.4 Thus, if the solvent quality is decreased, 
the hydrogel particles tend to collapse first in the core and maintain a solubilizing corona. In this aspect, they can 
be regarded as a primitive analogue to proteins that can adopt a globular structure with the hydrophilic segments 
directed towards the outside. 
In the medical application of micro- and nanoparticles for the therapeutic delivery of an active ingredient important 
aspects are: 
 Premature removal from the circulating blood must be avoided before the target is reached 
 Active ingredients must not be leached out 
 The particles must be taken up in the organ to be treated 
 The particle itself must be degraded afterwards so that the polymer does not remain in the body to exert 
unwanted long term effects. 
Here, hydrophilic micro- and nanogels can provide certain advantages. Protein adsorption or opsonization makes 
nanoparticles recognizable for phagocytic cells, but is strongly reduced for hydrogels due to their hydrophilic 
nature and high water content.1,5 Active ingredients may be linked covalently or entrapped in the network and 
released by degradation. Targeting is promoted by the high mobility of the soft gel particles in the smallest 
capillaries. As for other nanoparticles, targeting can be effected by the EPR effect (enhanced permeability and 
retention) observed for tumor tissue6 and by decoration with specific ligands, (e.g., peptides and glucosides). In 
contrast to solid nanoparticles, hydrophilic nanogels can be designed to respond to changes in temperature and 
pH by a change in the degree of swelling. Furthermore and due to their open structure, degradability can be 
designed to be triggered rather specifically and instantaneously by changes in the
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environment. The latter may be achieved by biohybrid nanogels or nano-conetworks, where the biological 
constituent ensures a specific responsiveness and degradability. Beyond the scope of this work, modern tools to 
design biopolymers open further perspectives to introduce specific and predictable bioactive functions, such as 
the ability to present receptor-binding ligands, cell-triggered proteolytic degradation, and natural remodeling. 
Here we report on the synthesis and properties of micro-conetworks from solubilized elastin derivatives using 
poly(ethylene glycol) (PEG) prepolymers or bis(sulfosuccinimidyl)suberate (BS3) as crosslinker for the elastin. We 
demonstrate that such micro-conetworks can be prepared in an easy procedure from soluble elastin peptides 
obtained by partial hydrolysis of native elastin. Because of the biodegradability of the elastin peptide, such 
hydrogels are fully biodegradable. The molecular weight of the remaining PEG chains is chosen sufficiently low 
so that these can be removed from the body via the renal system. In addition to the biocompatibility and 
biodegradability, the elastin component provides thermal and pH-dependent transformation at 35.5 or 37°C and 
pH 5–7, depending on the crosslinker used, from a swollen hydrogel to a globular state. Potentially, the 
responsiveness of the elastin component to pH and temperature can be exploited to trigger endosomal uptake in 
cells and release of drugs bound to the network. Based on these findings, it appeared attractive to us to prepare 
hydrophilic micro-conetworks of soluble elastin as prepared by standard methods.7 We expected that such 
hydrogel colloids can be prepared even from solubilized elastin samples that undergo coacervation like the well-
defined elastin-like peptides (ELPs),8-11 and that such particles can serve as a carrier for drugs where loading and 
release as well as internalization by cells can be affected by the volume change phase transition. 
Elastin is the primary structural component of elastic tissues, e.g., it accounts for about 50 wt% of the total 
vascular extracellular matrix.12, 13 Primarily it is formed from tropoelastin molecules as a precursor that assemble 
to microfibrils and are covalently interlinked by enzymatic oxidation of four lysine residues to desomosine units. 
The primary structure comprises hydrophilic segments with the lysine units and repeating hydrophobic polypenta- 
and polyhexapeptide sequences14 that act as an entropic spring.15,16 Furthermore, temperature- and pH-
dependent coacervation has been demonstrated for tropoleastin and ELPs.17,18 This coacervation effect is 
thought to be related to the self-assembly mechanism for the formation of the microfibrils.12,19 The controlled 
coacervation of ELPs has been exploited for novel and intriguing drug delivery concepts, e.g., injectable depots of 
an ELP fusion protein.10 Another example is ELP block copolymers fused to a protein, which assemble into 
thermoresponsive micelles.11 This concept has been extended to enable specific uptake into tumor cells by 
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temperature-controlled assembly only in the tumor as is possible in hyperthermia therapy. ELP block copolymers 
were conjugated to pentaarginine blocks that were presented at the surface of the micelles and triggered cell 
penetration only when they were assembled by the micelle formation. The experiments indicated that endocytosis 
plays an important role in internalization.20 
A3.2. Experimental Part. 
Materials. Soluble elastin ES12 was purchased from Elastin Company (USA) as a salt-free lyophilized powder. 
Elastin Company indicates a molecular weight of 60 000 Da but that the sample contains lower molecular weight 
peptides and smears on PAGE. Coacervates are formed at pH 5 and 37°C. Samples were dissolved in borate 
buffer (pH 9). Poly(ethylene glycol) diglycidyl ether (PEG-DGE) (MW = 526 g/mol) and bis(sulfosuccinimidyl) 
suberate (BS3) (Mw = 572.43 g/mol) were purchased from Sigma Aldrich (Germany) and Piercenet Biotechnology 
Inc (USA) respectively. N-Hexane (99%, VWR), Span 80 (Sigma), Tween 80 (Sigma), tetrahydrofuran (99% 
Sigma Aldrich), Texas Red dextran (MW = 70 kDa, Leunonostoc bacteria, Invitrogen) were used as received. 
Dialysis membranes (molecular weight cut-off 3.5, 25, and 100 kDa) were purchased from Spectrum 
Laboratories. 
Elastin-PEG DGE and Elastin-BS3 Microgels. Microgels were prepared by the inverse miniemulsion method 
with molar ratios of elastin to crosslinker of 1:2, 1:1.5, 1:1 1:0.5 and 1:0.25. By agitation for 10 min, 25 mg 
(4.166 × 10−4 mmol) of elastin was dissolved in 125 μL of 0.04 M PBS buffer (pH 9) and dispersed in 1.25 mL n-
hexane containing 37.5 mg surfactant (3:1 weight ratio of Span 80 and Tween 80). Subsequently, the dispersion 
was ultrasonicated under ice cooling for 60 s using a Branson sonifier W450 with a ¼״ horn at a duty cycle of 
30% and output control of 90%. Crosslinking was affected by addition of PEG-DGE or BS3 followed by a further 
sonication for another 60 s. The dispersion was further agitated for 45 min at room temperature before the 
reaction was quenched by addition of 1.5 mL of acidic water (pH 3). Separation of the microgels was achieved by 
centrifugation at 10 000 rpm for 30 min with subsequent decantation of the supernatant. Microgels present in the 
aqueous layer were carefully washed with hexane (2 × 1.5 mL) and THF (4 × 2.5 mL) in order to remove the 
surfactants and unreacted elastin. The remaining organic solvents and acid were removed by dialysis. Purified 
microgels were stored in Millipore water at 4°C for further use. 
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XTT Cytotoxicity Test. Cytocompatibility of the BS3-elastin microgels with molar ratio of 1:0.5 was investigated 
by XTT-based cell proliferation assay (Roche XTT Cell Proliferation Kit II, catalog no. 1465015) according to the 
manufacturer’s guidelines. The gels were prepared on the bottom of 96-well polystyrene plates. Human umbilical 
vein endothelial cells (HUVECs) (10 000 per well) and 500 μL of 10% fetal bovine serum medium were added to 
the wells (1.77 cm2), and the mixtures were incubated in 5% CO2 at 37°C for 96 h. To halt the experiment, 
aliquots of XTT stock solution (5 mg/mL) were added to each experimental well group at a ratio of 50/100 μL/μL 
of medium. Experimental plates were incubated for 4 h, and samples (100 μL) from each well were transferred to 
96-well plates and quantified using a TECAN reader at a λ of 490 nm and a reference λ of 655 nm. 
Sedimentation Analysis. Sedimentation of microgels was investigated with a LUMiFuge 114 separation 
analyzer (L.U.M. GmbH, Germany). Measurements were performed in glass tubes at acceleration velocities of 
500–3 000 rpm at 20 °C. The slope of the sedimentation curves was used to calculate the sedimentation velocity, 
indicating the colloidal stability of the samples. 
Field Emission Scanning Electron Microscopy. Field emission scanning electron microscopy (FESEM) 
analysis was performed with a HITACHI S-4800 instrument in a cryo-mode with secondary electron image 
resolution of 1.0–1.4 nm at voltages of 1–15 kV. For all measurements, aqueous solutions of nanogels with a 
concentration of 5 mg/mL were rapidly vitrified in liquid propane and transferred to the high vacuum Balzers BF 
freeze-etching chamber. Fracture surfaces were prepared by means of a lever and etched by sublimation of the 
vitrified water for 5–15 min. 
UV–Visible Spectrophotometer. UV–visible spectra were determined using a Varian Cary 100 Bio-UV-Visible 
split-beam spectrophotometer running with Cary WinUV scan application with a capacity of measuring six 
samples at a time. Samples were scanned at 500 nm. A high-intensity Xe flash lamp was used as the source for 
UV light, which permits taking 80 data per second. 
Zeta Potential Measurements. Measurements were performed at 20 °C as a function of pH in the range of 3–10 
by addition of 0.01 M HCl or 0.01 M NaOH using a Malvern Zetasizer Nano ZS. Microgel solutions with a 
concentration of 5 mg/mL were dialyzed in standard 1 mM KCl solution and measured in disposable polystyrene 
cuvettes. One hundred scans were made for each sample and the zeta potential was calculated using Henry’s 
equation. Expert System software was used for data interpretation. 
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Dynamic Light Scattering (DLS). Microgel solutions of about 1 mg/mL in double-distilled water were passed 
through a 5 μm poly(tetrafluoroethylene) membrane filter. The particle sizes were measured by photon correlation 
spectroscopy performed at an angle θ = 90° with a setup consisting of an ALV-SP8 goniometer, an ALV-SIPC 
photomultiplier, a multiple τ digital real-time ALV-7004 correlator, and a solid state laser (Koheras) with a 
wavelength of 473 nm as the light source. Sample cuvettes were immersed in a toluene bath and thermostatted 
within an error of ± 0.1°C. Autocorrelation functions (ACF) of intensity fluctuations 2 ( , )g q t  in the self-beating 
mode were measured and expressed by the Siegert relation: 
 
2
2 1( , ) (1 ( , ) )g q t A g q tβ= +    (1) 
where t is the decay time, A is a measured baseline, β is the coherence factor, and 2 ( , )g q t is the normalized 
first-order electric field time correlation function related to the measured relaxation rate Γ according to Eq. (2): 
 1( , ) ( )t tg q t e G e dT−Γ −Γ= = Γ∫    (2) 
Deconvolution of the measured intensity autocorrelation was achieved by the DTS software. For a pure diffusive 
relaxation, Γ is related to the translational diffusion coefficient D at q → 0 and c → 0 according to Eq. (3): 
 
2/D q= Γ   (3) 
The hydrodynamic radius R h is calculated by the Stokes–Einstein equation as / 6h BR k T Dpiη=  with q, kB, T 
and η being the scattering vector, the Boltzmann constant, absolute temperature, and solvent viscosity, 
respectively. A hydrodynamic radius distribution was calculated from the Laplace inversion of g1(t) by using the 
CONTIN procedure. Thermoresponsivity of nanogels was investigated between 10 and 55°C. In order to check 
the reversibility of the hydrodynamic radius with temperature transition, five heating and subsequent cooling 
cycles were performed. Influence of pH was investigated at 20°C. 
Circular Dichroism Spectroscopy. Circular dichroism (CD) measurements were carried out with an Olis 17 
DSM; a Cary 17 monochromater was used with a spectral output of 184–260 nm. CD spectra were measured at 
protein concentrations of 0.5 mg/mL using a cell with 0.090 mm light path in the wavelength range of 190–260 
nm, with a bandwidth of 2.00 nm and with number of increments of 50 with an integration time of 20s at 20°C. CD 
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spectra were expressed in terms of mean residue ellipticity (deg cm2 dmol−1). The depicted data represent an 
average of five scans. 
Enzymatic Degradation. Degradation of microgels was investigated in 5 mM elastase in PBS buffer at 37°C and 
followed by measuring the hydrodynamic radius of the microgels by dynamic light scattering (DLS) after every 
180 s for a total time of 24 h. 
Model Drug Release. PEG-DGE-1:0.25, PEG-DGE-1:0.5, BS3-1:0.25, and BS3-1:0.5 crosslinked microgels 
loaded with Texas Red-dextran were prepared by adding the dextran (15 wt% of dextran with respect to elastin) 
to the aqueous phase in the inverse emulsion in which the microgels were synthesized, under the same 
conditions as the blank samples. In order to determine the amount of Texas Red-dextran taken up by the micro-
conetworks, the extracted Texas Red-dextran in the separated water was quantified by measuring the 
absorbance at 596 nm and using a standard calibration curve. The difference from the feed was taken as the 
amount loaded to the microgels. To study the release of loaded dextran at 20 and 40 °C, the microgels were 
taken up in 10 mL PBS buffer at pH 5 by shaking the cuvettes at 100 rpm. After leaving for 0, 1, 5, 10, 15, 25, 36, 
48 or 72 h, the microgels were centrifuged. The release was monitored by measuring the extinction of the 
supernatants. The sedimented microgels were resuspended in fresh buffer solution. All studies were performed in 
triplicate and the cumulative release was normalized to the original uptake: 
Encapsulation efficiency %=(Dt/D0)×100,   (4) 
Where Dt is the actual amount of the dextran in the microgel at time t and D0 is the initial amount of dextran in the 
microgel. 
A3.3. Results and Discussion. Solubilized native elastin with a molecular weight range of 10–60 kDa was 
dispersed in an inverse miniemulsion and crosslinked by reaction of PEG-DGE or BS3 with the ε-amino groups of 
lysines in the sequence of the elastin peptide fragments (Scheme 1). 
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Scheme 1. Elastin chemical cross-linking reactions 
PEG-DGE crosslinked microgels can be regarded as a conetwork of the hydrophilic PEGs and the 
thermoresponsive elastin. In contrast, the linking groups of the BS3 crosslinked microgels are hydrophobic and 
are expected to promote precipitation above the coacervation temperature. The crosslinking density was varied 
by adding different amounts of the telechelic linkers. In Table 1, the amount of linker is given as a molar ratio of 
elastin and linker based on the molecular weight of Mn = 60 000. Ratios of 4–0.5 crosslinker per elastin molecule 
correspond to relatively low crosslinking degrees because of the lower molecular weight fraction in the elastin 
sample. It must be noted, however, that the microgels were fractionated by separation of very loosely crosslinked 
and very small particles during the isolation/sedimentation procedure. Thus, the crosslinker ratios can only be 
taken as an indication of the relative variation in crosslinking density. Figure 1 depicts the most densely 
crosslinked microgels (elastin to crosslinker ratio of 0.5) by scanning electron microscopy (SEM) cryo-electron 
micrographs as quenched from ambient temperature, i.e., below the coacervation temperature. Irrespective of the 
type of crosslinker, both samples demonstrate the formation of spheres with diameters in the range of 250 
nm < d < 550 nm for PEG-DGE and 200 nm < d < 350 nm for BS3-based crosslinking. These sizes are in good 
agreement with the hydrodynamic radii determined by light scattering (see Table 1). In many cases, the electron 
micrographs demonstrate the presence of protrusions, indicating a gradient in density from the core towards the 
outside, as established for microgels prepared by precipitation polymerization.4   
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Table 1: Hydrodynamic radii and swelling ratios as a function of cross-linker concentration at 20 °C. 
 PEG-DGE BS3 
ES 12/Linker Rh (PDI) (50 ) 100(20 )
o
h
o
R
Rh
 
3
3
(50 )100(20 )
o
h
o
h
R
R
 Rh(PDI) (50 ) 100(20 )
o
h
o
R
Rh
 
3
3
(50 )100(20 )
o
h
o
h
R
R
 
[mol/mol] [nm] [%] [%] [nm] [%] [%] 
4 878 (0.5) 53 15 752 (0,5) 63 24 
2 735 (0.5) 49 11 431 (0,5) 63 23 
1 680 (0.5) 56 17 225 (0,5) 89 70 
0,67 370 (0.5) 67 27 215 (0,4) 92 77 
0,5 334 (0,5) 63 63 170 (0,5) 96 86 
 
 
Figure 1. Cryo-FESEM images showing (a) elastin-PEG-DGE and (b) elastin-BS3 microgels prepared with 0.5 
equivalents of the crosslinker 
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In order to verify that the microgel samples are in general biocompatible we used a cell proliferation assay. All 
microgel samples were proven cytocompatible throughout the 6-day cell culture experiment, with no significant 
effect on cell proliferation. These results demonstrate that ES12 microgels may be used for further in vitro or in 
vivo experiments. 
Circular dichroism spectroscopy allows one to follow conformational changes of the elastin peptides that are 
caused by the crosslinking. Solubilized elastin exhibits a negative band near 200 nm that is characteristic of 
unfolded proteins with segments in the PPII conformation.8,21 Upon coacervation, the CD spectra indicate a 
conformational change to an α-helix with two negative bands at 208 and 224 nm and a positive band at 193 nm.8 
Figure 2 displays the CD spectra of ES12 measured at 20 °C and of samples crosslinked by different amounts of 
PEG-DGE and BS3. The negative band at 222 nm indicates the onset of the formation of α-helical conformations. 
In a first approximation, we calculated a helix content of 22%, and 11% for the samples with least PEG-DGE and 
BS3 respectively.22-24 For high degrees of crosslinking, the CD spectra indicated a fully disordered elastin 
structure. The change in CD spectra suggests that the conformation-controlled coacervation becomes impeded 
by higher degrees of crosslinking of the microgels. 
 
Figure 2. CD spectra of elastin before and after crosslinking in a PEG-DGE (left) and BS3 (right) microgel. 
All microgel samples were characterized by DLS regarding the hydrodynamic radius and the polydispersity at 
20°C and at 50 °C, the latter temperature being in the regime where the elastin ES12 undergoes coacervation, 
i.e., above the temperature of 37 °C. Results are summarized in Table 1. The light scattering data demonstrate a 
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significant shrinkage of the particle size when the temperature was raised from 20 to 50 °C. It must be noted that 
the crosslinking was achieved at room temperature, i.e., under conditions where the elastins were fully soluble. 
Remarkably, all particles remained soluble or dispersable as single particles, irrespectively of whether they were 
compacted by a high degree of crosslinking or by raising the temperature above the volume change transition. 
This can be regarded as indicating preferential collapse in the core of the particles while hydrophilic segments 
and endgroups remain oriented towards the outside. Also, sedimentation experiments demonstrated an increase 
in the rate of sedimentation that corresponds to intramolecular collapse of the dispersed microgel particles, i.e., 
the rate of sedimentation changes in a rough approximation with 1/R h.25 
Figure 3 depicts the corresponding plots of the temperature versus the hydrodynamic radii. As expected from the 
CD experiments, the volume change transition became as less pronounced and even vanished with the strength 
of elastin crosslinking. At low degrees of crosslinking, the volume change transition was well developed, 
irrespectively of whether the gel particles were crosslinked by the hydrophilic PEG-DGE or the hydrophobic BS3. 
Correspondingly, the swollen hydrodynamic radii of the BS3-elastin microgels were in general smaller than those 
of the PEG-DGE-elastin microgels and also the volume change occurred at lower temperature. This is similar to 
the behavior of polyacrylamide microgels with amide residues that differ in their hydrophilicity. 
 
Figure 3. Hydrodynamic radius (Rh) of PEG-DGE (left) and BS3 (right) crosslinked microgels as a function of 
temperature (10–55 °C) 
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For the least crosslinked microgels, with ES12 to crosslinker ratio equal to 4, DLS experiments and Rh 
determinations were repeated within four heating and cooling cycles, alternating the temperature between 20 and 
44 °C (Figure 4). The repeated change in Rh was reversible and also the polydispersity index (PDI) of the 
microgels did not broaden, demonstrating that neither coagulation nor extraction of free chains occurred to a 
significant extent. 
 
Figure 4. Hydrodynamic radii (Rh) during changes upon repeated heating and cooling of PEG-DGE (1:0.25), 
PEG-DGE (1:0.5), BS3 (1:0.2), and BS3 (1:0.5) crosslinked microgels 
Soluble elastin prepared by the method of Partridge7 has an isoelectric point around pH 5. Correspondingly, we 
measured isoelectric points between pH 5 and 6 for ES12-PEG-DGE and around 6 for BS3 crosslinked microgels. 
For the elastin at low ionic strength, it has been reported that the coacervation temperatures exhibit a minimum 
around pH 5, i.e., coincident with the isoelectric point. Correspondingly, a pH-dependent collapse has been 
expected for the microgels. This was confirmed by the variation in the hydrodynamic radius, Rh with pH as shown 
in Fig. 5. For PEG-DGE microgels, Rh decreased from pH 3–6 and increased again from pH 7–11. A minimum in 
size was also found for the BS3 crosslinked microgels but shifted to pH 7. The collapse was in both cases fully 
reversible. Similarly to the temperature-dependent measurements of the hydrodynamic radius, the collapse was 
more pronounced for the loosely crosslinked samples. 
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Figure 5. Change in hydrodynamic radius (Rh) as a function of pH (3–11) for (a) PEG-DGE (left) and (b) BS3 
(right) crosslinked microgels 
 
Figure 6. Degradability of PEG-DGE (1:0.25) and BS3 (1:0.25) crosslinked microgels, as measured by the 
change in hydrodynamic radius (Rh) as a function of time using 5 mM elastase 
Degradation of the elastin microgels is expected to be catalyzed by the enzyme elastase. Elastase is known to 
cleave peptidic bonds at the lysine units, i.e., in the hydrophilic segments. In order to evaluate the enzymatic 
degradation of the elastin microgels, the dispersed microgels were incubated with the enzyme at 37°C in PBS 
buffered solution at 37°C and samples characterized by DLS for the decrease in hydrodynamic radius with time. 
At this temperature, the microgels are in the collapsed state and the enzymatic degradation is expected to occur 
as an erosion process from the surface. Figure 6 depicts the change in particle size within a period of 1 day for 
Appendix 3 – Stimuli Sensitive Microgels from Native Elastin 
 
 
199
the least crosslinked elastin microgels. Initially, the hydrodynamic radius increased as the particles were further 
swollen when the first elastin bridges were split. Afterwards, the radius decreased nearly linearly to full 
degradation after about 16 h for the PEG-DGE-elastin microgel, while the BS3-elastin microgel clearly degraded 
in two steps, more quickly at the beginning and then with a significantly reduced degradation rate. Such an effect 
might be explained by a change in crosslinking density and swelling from the outside towards the core of the 
particles. 
As an example of a water-soluble biopolymer that can be entrapped in and released from the elastin microgels 
we choose a dextran that has been used as a blood plasma expander. Loading of the microgels with the model 
drug dextran was achieved by addition of dextran to the inverse emulsion during microgel preparation. The 
particles were isolated by centrifugation and washed according to the procedure for particles prepared without 
dextran. The loading of the particles by the Texas Red-labeled dextran was corrected for the dextran washed out 
during the washing procedure. The microgel particles were taken up in water for a defined time and the release of 
dextran was determined after centrifugation by the calibrated extinction of the decanted aqueous solution. 
Sedimented particles were redispersed in fresh buffer solution and extracted again. The release was analyzed as 
the cumulative ratio of the original loading. The procedure was performed at 20 °C with the non-collapsed 
particles and at 40 °, above the coacervation temperature. 
Table 2 summarizes data on the initial loading and the hydrodynamic radii of the microgels prepared at 20 °C and 
characterized for their hydrodynamic radius at temperatures below and above the volume change transition. 
Regarding the fact that the dextran did not participate in the crosslinking reaction but serves just as another 
component in the solvent, it appears unsurprising that the particle sizes came out similar to those prepared 
without dextran (see Table 1). Figure 7 depicts the cumulative release curves for the two different crosslinking 
densities and at the two temperatures. Release was slower for the more densely crosslinked BS3-elastin 
microgels than for the hydrophilic PEG-DGE crosslinked gels. With the exception of the release experiments with 
the PEG-DGE-elastin microgels above the coacervation temperature, the release rates did not depend 
significantly on the degree of crosslinking. For both types of microgels, the release rate is higher above than 
below the coacervation temperature. Also, because the diffusion coefficient increases with temperature we regard 
this as an indication that the dextran is squeezed out by the collapsed gel structure. 
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Table 2. Loading of Texas Red-marked dextran to PEG-DGE and BS3 microgels.  
 PEG-DGE BS3 
ES12/Lin
ker 
[mol/mol] 
Dextran/ 
relative to 
microgel 
[mg/wt%] 
Initial loading 
of  microgels 
 
[mg/wt%] 
Rh (PDI) 
20°C 
[nm] 
Rh(PDI) 
40°C 
[nm] 
Initial loading 
of  microgels 
 
[mg/wt%] 
 
Rh(PDI) 
20°C 
[nm] 
Rh(PDI) 
40°C 
[nm] 
4 3.75 /15 2.41/64.2 890 (0.3) 510(0.3) 2.75/73.3 
 
765 (0.5) 450 (0.3) 
2 3.75/15 2.89/77.2 750 (0.4) 470(0.2) 3.01/80.3 456 (0.4) 320 (0.3) 
 
  
Figure 7. Temperature-dependent release of dextran from PEG-DGE 1:0.25, 1:0.50 (left) and BS3 1:0.25, 1:0.50 
(right) crosslinked microgels at 20 and 40 °C 
A3.4. Conclusions. In summary, we have shown that rather well-defined thermo- and pH-responsive microgels 
with sizes in the submicron range can be prepared by an easy procedure with soluble elastin obtained by acidic 
hydrolysis of native elastin. The temperature- and pH-dependent collapse was most pronounced for low degrees 
of crosslinking and coincided rather well with the coacervation transition of free elastin. It can thus be concluded 
that the transition is related to the conformational transformation of the elastin peptide that causes the 
coacervation process. The fact that the biohybrid particles remained soluble and did not aggregate can be seen 
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as evidence for an intramolecular collapse, whereby the elastin aggregates become stabilized against 
precipitation by a corona formed of water-soluble segments. As might be expected, this is more pronounced for 
the conetwork microgels with hydrophilic PEG segments; however, it was also observed when the elastin 
peptides were crosslinked by a hydrophobic diester segment. This can be explained by the rather broad 
molecular weight distribution of the elastin peptides, whereby only the longer peptides are expected to undergo 
coacervation while the shorter peptides remain fully solubilized. Regarding the temperature and pH response, the 
microgel particles resemble hydrophilic polyacrylamide microgels, which are also considered smart particles due 
to their volume change phase transition. However, the hybridization with defined proteins or peptides offers 
additional and very specific tools for the design of properties. In our example, the microgels exhibited a dual 
stimulus-response such that the thermal transition was shifted to higher temperatures below and above the 
isoelectric point of the peptide. 
Because soluble elastin peptides are highly biocompatible, do not trigger a thrombogenic response, and show 
low immunogenicity elastin is suitable as a component of stealth-type microgel particles.26 To begin with this 
aspect, we have concentrated on microgel use as a potential drug carrier by demonstrating the cytocompatibility 
and the biodegradability of the microgel. Furthermore, we have performed a model study on the release 
properties with dextran as a water-soluble biomacromolecule. The results demonstrate the ability of the concept 
to significantly retard release. However, elastin peptides are also known to influence signaling and proliferation by 
binding to several cell receptors, the most well investigated being the elastin binding protein (EBP).27,28 Within this 
aspect, elastin is an example of a bioactive compound with an activity that can be expected to be manipulated by 
the collapse of the microgel particles. Recombinant or synthetic ELPs will offer new possibilities to tailor the 
responsive properties and to introduce switchable receptor affinities, also with other specific peptide segments as 
ligands.13 
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Summary 
 
Poly(ethylene oxide) (PEG), polyether molecule of repeating ethylene oxide segments, is the most used synthetic 
polymer with many advantages, such as hydrophilicity, inert structure, non-immunogenic nature, and 
biocompatibility. Those unique features made possible their wide use in industrial and biorelated fields. Although 
the presence of a vast number of application areas, PEGs have come up with some notable problems, i.e., LCST, 
crystallinity, metal ion complexation. Many attempts have already been done for the synthesis of alternative 
molecules with the copolymerization of ethylene oxide with different comonomers (e.g., caprolactone, propylene 
oxide, lactide acid, and styrene).  
In this study, we studied six-armed star-type poly(EO-stat-PO) with various molecular weights (e.g., 6, 12 and 1 
kg/mol) and terminal functionalities. The thesis started with a comprehensive review on the chemical nature and 
current limitations of the PEGs and insights into alternative PEG copolymers. In that section, the limitations of the 
PEGs were stated, and their alternatives were described with a particular focus on their applications. In the 
following section, rheology and dynamics of the copolymers were studied at entangled and melt states. Those 
molecules exhibited relatively low viscosity with strong shear thinning behavior. The relaxation of the copolymers 
showed variations with the polymer content and the molecular weight of the arm. Amorphous configuration was 
revealed for the copolymers and their interactions with water varied than their solutions in organic solvents with a 
possible scenario of configurational changes of helical chains. Those molecules did not reveal 
thermoresponsivity, however, nanoscale aggregates of the stars have been revealed due to hydrophobic 
interactions and hydrogen bonds with water molecules. Thereafter, we investigated properties of the six-armed 
sP(EO-stat-PO) and star PEG molecules having comparable molecular weights over viscosity, dynamics in water, 
phase behavior, and configuration. Both molecules exhibited similar viscous properties with a strong-shear 
thinning behavior and low elasticity. Amorphous configuration was revealed for the copolymer while the 
homopolymer was shown to be consisted of the highly crystalline segments. The size range of both molecules 
were in the range of 7-9 nm and the clusters of ca. 100 nm. In later section, those molecules were functionalized 
with various reactive groups (e.g., maleimide, vinyl sulfone, allyl, alkyne, succinimide carbonate, ethyl chloride, 
carboxylic acid, acrylate, aldehyde and silyl). An illustrative example, sP(EO-stat-PO) macromers with terminal 
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acrylate and succinimide carbonate groups used for the layer preparation, and the coatings were evaluated over 
cell adhesion experiments. Isocyanate (NCO) terminated stars were used for in situ forming macromolecular 
networks with tunable structural inhomogeneity and elastic stiffness. In that context, water-diglyme solvent 
mixture at various combinations was used to control the kinetics of the hydrolysis of NCO groups and their 
subsequent cross-linking reactions. Such control over the cross-linking reactions significantly influenced the 
mechanical properties of the hydrogels and extends gelation times. Structural inhomogeneity of the gels was 
decreased due to the occurrence of homogeneous gel matrix. Those molecules were later used for cross-linking 
of elastin polypeptides over lysine amino acids, which present free nucleophilic amine groups to couple with NCO 
groups. Those gels were simultaneously functionalized with bicyclononynes (BCN) motives to create functional 
elastin scaffolds. In the last part of the thesis, star molecules and linear polyvinyl amine molecules were 
successfully used for the design of ultrathin nanolayers assemblies, which exhibited good stability at humidity 
conditions over three months. 
Beyond of the scope of the thesis, three different studies were also described. In the first part, alginate gel 
formation with well-known non-gelling ion, magnesium (Mg) was shown. Gelation in this system occurs at ca. 5–
10 times higher concentration of ions than the reported for calcium-based gels. Alginate network formation with 
magnesium ions is very slow and is typically accomplished within 2–3 hours. Gelation with magnesium ions is 
also strongly dependent on alginate chemical composition as the presence of long guluronic units privileges 
faster gel formation. In the second part, redox-sensitive hydrogels and nanogels were produced by enzymatic 
cross-linking of thiol-functionalized polymer under mild conditions. Cells can be embedded in the hydrogels and 
proteins can be entrapped and released from the nanogels. These gels are fully degradable under mild and 
cytocompatible reductive conditions. In the last part of the appendix section, thermo and pH- responsive 
microgels from native elastin polypeptides were described, and the cross-linking of polypeptides was carried out 
by using either hydrophilic or hydrophobic cross-linkers.  Both cross-linking approaches yielded elastin microgels, 
which revealed a volume change transition at 37 and 35.5°C and pH responsivity in the range of 5–7. Preliminary 
experiments were conducted to evaluate the suitability of these microgels for use as a drug-release system and 
demonstrated cytocompatibility, enzymatic degradability by elastase, and entrapping and slow release of a water-
soluble biopolymer 
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To conclude, this study describes dynamics and intrinsic properties of the star typed PEG copolymers consisting 
of randomly distributed ethylene oxide and propylene oxide having various reactivities and their use as for gels 
and biohybrid hydrogels. These functional star type prepolymers are ideal candidates for a diverse range of 
applications as described above and have some advantages compared to the PEG homopolymers, which are 
respected gold stealth polymers for biological applications. We thereby believe that with further control of the 
structure together with appropriate degradable end groups might create multifunctional platforms at various length 
scales.  
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Zusammenfassung 
 
Poly (ethylenoxid) (PEG), polyether-molekül sich wiederholende Ethylenoxid-Segmente, die am häufigsten 
verwendete synthetische Polymer besitzt viele Vorteile, wie zum Beispiel Hydrophilie, inerten Struktur, nicht-
immunogene Natur und Biokompatibilität. Diese einzigartigen Eigenschaften gewährleisten ihre breite 
Anwendung in Industrie- und Bio-verwandten Bereichen. Trotz weit verbreiteter Anwendung haben die Moleküle 
mit einigen bemerkenswerten Probleme behaftet, wie etwa LCST, Kristallinität, und Metallionen-Komplexität. 
Viele Versuche wurden bereits zur alternativen Synthese von Molekülen durch Copolymerisation von Ethylenoxid 
mit verschiedenen Comonomeren (zB Caprolacton, Propylenoxid, Lactid Säure, Styrol und dergleichen) 
durchgeführt.  
In dieser Studie untersuchten wir sechs bewaffnete Sterne Typ Poly (EO-stat-PO) mit verschiedenen 
Molekulargewichten und Terminal-Funktionalitäten. Die dissertation beginnt mit einer umfassenden Überprüfung 
der chemischen Natur und aktuelle Grenzen der PEGs und Einblicke in alternative PEG-copolymere. In diesem 
Abschnitt werden die Grenzen der Zapfen ausgeführt, und ihre Alternativen ihre Anwendungen beschrieben. Im 
folgenden Abschnitt, Viskoelastizität und Dynamik der Copolymere wurden in verstrickten und geschmolzenen 
Zustaendenstudiert. Diese Moleküle zeigenrelativ niedrige Viskosität mit starkem Scherverdünnungsverhalten. 
Die Lockerung der Ketten bewirkt Variationen der Polymergehaltes und das Molekulargewicht des Sternarmes. 
Amorphe Konformation für die Copolymere und ihre Wechselwirkung mit Wasser variieren als ihre Lösungen in 
organischen Lösungsmitteln mit einem möglichen Szenario der Konfigurationsänderungen von Schraubenketten 
offenbart. Diese Moleküle haben kein thermale Empfindlichkeit, jedoch nanoskaligen Aggregaten von den 
Sternen offenbart wurden aufgrund der schwachen Komplexität der kurzen hydrophoben Segmente PO 
zusammen mit copolymer-Ketten. Anschließend untersuchten wir Eigenschaften des sP(EO-stat-PO) und Stern 
PEG-Moleküle mit ähnlichen Molekulargewichten in bezug auf die Viskosität, Dynamik, das Phasenverhalten und 
die Konfiguration. Beide Moleküle zeigen ähnlichen viskosen Eigenschaften. Kriecherholung Analyse der Homo 
ergab viskoelastisches Verhalten auf kleine Amplitude Stämme. Amorphe Konfiguration wurde für das Copolymer 
gezeigt, während des Homopolymers aus den kristallinen Segmenten. Die Einzelmolekülgrößen der beiden 
Moleküle sind in dem Bereich von 7-9 nm und Aggregate von 100 nm. In
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 anschließenden Abschnitt wurden die Moleküle mit verschiedenen End-Gruppen funktionalisiert, Maleimid, 
Vinylsulfon-, Allyl-, Alkin-, Succinimid-Carbonat, Ethylchlorid, Carbonsäure, Acrylat, Aldehyd und silyl). Ein 
anschauliches Beispiel für die Oberflächenmodifizierung mit Acrylat-und Succinimid-Carbonat beendet SP (EO-
stat-PO) vorgelegt, und die Beschichtungen wurden durch Zelladhäsion Experimente ausgewertet. Mith 
Isocyanat (NCO) endende Sterne wurden für die in situ Bildung makromolekularer Netzwerke mit struktureller 
Inhomogenität verwendet. In diesem Zusammenhang kann das in Wasser Diglyme binären Lösungsmittelsystem 
in verschiedenen Kombinationen verwendet werden, um die Kinetik der Hydrolyse von NCO-Gruppen und deren 
anschließende Vernetzungsreaktionen zu steuern. Eine solche Steuerung der Gelbildung beeinflusst wesentlich 
die mechanischen und anderen Eigenschaften mit verlängerter Gelzeit. Strukturelle Inhomogenität der Gele 
wurde durch das Auftreten von homogener Gel-Matrix verringert. Diese Moleküle wurden später für die 
Vernetzung von Elastin Polypeptide über Lysin-Aminosäuren, die frei nucleophilen Amingruppen zur Kopplung 
mit NCO-Gruppen eingesetzt. Diese Gele wurden gleichzeitig mit Cyclooctin Motive funktionalisiert, um Funktions 
Elastin Gerüste zu erstellen. Im letzten Teil des Projektberichts, wurde Sternmoleküle und lineare Polyvinyl 
Aminmoleküle für das Design von ultradünnen Nanoschichten Baugruppen, die eine gute Stabilität über 3 Monate 
ausgestellt an Feuchtigkeitsbedingungen verwendet. Zum Abschluss dieser Studie beschreiben wir Dynamik und 
intrinsischen Eigenschaften des Sterns eingegeben PEG-copolymere, die aus zufällig verteilten ethylenoxid und 
propylenoxid mit verschiedenen Reaktivitäten und ihre Verwendung als für Gele und Hydrogele biohybriden sind 
zweckmäßig Sterntyp prepolymere ideale Kandidat für ein breites Spektrum Anwendungen, wie oben 
beschrieben. Diese funktionellen Moleküle haben viele Vorteile im Vergleich zu den PEG-Homopolymere, die für 
biologische Anwendungen Gold Stealth-Polymere respektiert werden. Wir glauben, dass dadurch weitere 
Steuerung der Struktur und abbaubare Endgruppen multifunktionalen Plattformen dieser Moleküle auf 
verschiedenen Längenskalen erstellt wird. 
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